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1 Introduction
Electroluminescence of organic dyes was first observed in 1953 by Bernanose and
coworkers [1] by applying a high AC voltage to crystalline films of acridine orange
and quinacrine. In 1987, Tang and VanSlyke [2] demonstrated the first efficient
two-layer organic light emitting diode (OLED) with an external quantum effi-
ciency of about 1% and a driving voltage of 5.5 V for a typical display luminance
of 100 cd m−2.
Since then, the OLED development has made strong progress in electrical power
conversion efficiency and operational lifetime, which has led to first applications
in passive and active matrix displays for small costumer electronic devices such
as car radios, MP3-players, and cellular phones. Recently, Sony announced the
availability of the first OLED television display (11′′) in Japan from December
2007 on.
Striking advantages of displays based on OLEDs are brilliant colors, very high
contrast levels, large viewing angles, and low power consumption. There is a large
variety of organic compounds with properties tailored to suit their application
purpose. Luminescent materials with low reabsorption, high quantum yield, and
almost any emission color are available. Together with appropriate large-gap
organic materials for efficient charge injection and transport, low driving voltages
around 3V for display relevant brightness are possible, and the power consumption
can be significantly lower than for liquid crystal displays or conventional cathode
ray tubes. Bottom-emitting OLEDs on glass substrates (refractive index n ≈ 1.5)
comprising typical organic materials (n ≈ 1.6 to 2.1) with isotropic light emission
and few hundred nm total thickness intrinsically yield almost perfect Lambertian
emission [3], i.e., the brightness of the display pixels is independent from the
viewing angle.
The next high-potential application field for OLEDs is general lighting and il-
lumination. There, the main competitive technologies are common incandescent
light bulbs, fluorescent tubes, and inorganic LEDs. Even more than for display
applications, power conversion efficiency, operational lifetime, and low produc-
tion cost play crucial roles. Since the first white OLED was reported in 1994 [4],
great progress has been achieved, however, the requirements still have not been
sufficiently met. Nevertheless, it is now common opinion that OLEDs also have
the potential to be one of the future light sources. Currently, large public funded
projects run in the United States, Japan, and Europe - here, e.g., the Integrated
Project ”High brightness OLEDs for ICT & Next Generation Lighting Applica-
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tions” (acronym ”OLLA”) funded by the European Commission, and almost every
major player in the lighting industry invests in research and development of white
OLEDs. Not least, the development is driven by the large number of publications
in scientific journals from research groups all over the world which makes white
OLEDs currently one of the most interesting topics in organic electronics.
Lighting by white OLEDs will be different from conventional artificial light
sources. A conventional 100 W incandescent light bulb with 10 lmW−1 power
conversion efficiency produces 1, 000 lm luminous flux, which is sufficient to illu-
minate a room. However, one gets glared when looking directly into it, since the
light is generated in a very small area, i.e., the luminance is very high. Screens,
diffusors, or indirect illumination are necessary, which reduce the overall efficiency.
On the other hand, OLEDs will not glare, since they will have much larger areas,
corresponding to lower luminances necessary. The need for large areas originates
from intrinsic properties of OLEDs. Since the charge carrier mobility in amor-
phous layers of organic compounds is typically in the range of 10−5 cm2 (Vs)−1,
i.e., orders of magnitude lower than in inorganic semiconductors, the current den-
sity is limited by the built-up of space charges. Moreover, the operational lifetime
of an OLED decreases with increasing driving current, following a power law.
Nowadays, one considers a luminance of about 1, 000 to 5, 000 cd m−2 appropriate
for white OLEDs in lighting applications [5]. This means, an OLED, which has
to produce 1, 000 lm to replace the incandescent light bulb in the example given
above, must have an area of about 0.32 m2. With large area OLEDs, completely
new lighting designs can be realized. OLEDs can be made very thin, the Sony
OLED TV mentioned above is only 3mm thick, even with all the pixel structuring
which is not needed for white OLEDs. Moreover, flexible substrates like plastic
or metal foils can be used and bent to some extent without damaging the device,
since the amorphous organic layers are rather soft. This makes people imagine lu-
minescent ceilings and wallpapers or diffuse glowing room decoration of any shape
made from OLEDs in the near future.
Phosphorescent emitters have long time been considered as crucial for high
efficiency, since they allow full harvesting of all electrically generated singlet and
triplet excitons in an OLED [6, 7]. In combination with electrically doped charge
transport layers, very high efficiency and also high operational stability for red
and green OLEDs have been reported [8, 9]. However, in particular deep blue
phosphorescent emitters still suffer from poor stability and incompatibility with
most host materials [10, 11]. On the other hand, efficient and stable state-of-the-
art fluorescent blue emitters are available.
Since any white emission is impossible without at least some contribution in
the blue spectral region, the combination of fluorescent blue and phosphorescent
green and red emitters in white OLEDs may solve this issue. Recently [12, 13], it
has been recognized that white OLEDs comprising fluorescent blue may as well
reach 100% internal quantum efficiency if the singlet excitons are more or less
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completely used for blue emission, whereas the triplet excitons are transferred to
the phosphorescent emitters.
This work deals with novel concepts to realize high efficiency white OLEDs by
combining fluorescent blue and phosphorescent green and orange emitters. A key
point determining the maximum efficiency possible, as well as the device structure
to be chosen to reach high efficiency, is the triplet exciton energy of the fluorescent
blue emitter.
If its triplet state is lower than that of the phosphorescent emitters, mutual
exciton quenching can occur. This problem is solved by the first concept (Chapter
5) with spatial separation of the fluorescent blue from the phosphorescent emitters
by a large-gap exciton blocking layer. To still realize exciton generation on both
sides, the interlayer has to be ambipolar.
On the other hand, if the triplet exciton energy of the fluorescent blue is higher
than that of at least one of the phosphorescent emitters, appropriate arrange-
ment of the emission layers makes a separation layer obsolete, since phosphores-
cence quenching does not occur anymore. Moreover, the intrinsically non-radiative
triplet excitons of the fluorescent blue emitter may be harvested by the phosphor
for light emission, which means that even 100% internal quantum efficiency is
possible. Chapter 6 deals with this second concept, where the main issue is to
simultaneously achieve exciton harvesting as complete as possible and a balanced
white emission spectrum by appropriately distributing singlet and triplet excitons
to the used emitters.
All emitters used in this work are commercially available and their molecular
structure is disclosed in order to make the results transparent. However, especially
the fluorescent blue ones are not state-of-the-art in terms of stability. Although
companies such as Kodak and Idemitsu-Kosan are known to be able to provide
very stable and highly efficient emitters, they neither sell these for university
research nor do they disclose the molecular structures. Therefore, operational
stability of the devices presented is not addressed, since it is limited by the avail-
able materials. Nevertheless, recent results achieved within the OLLA project
indicate that at least the interlayer hybrid white concept has the potential to also
yield high operational device stability.
2 White Light and Color
This chapter introduces general aspects of color reception and white
light emission [14]. Many methods of colorimetry cannot be under-
stood without some knowledge about the physiological aspects of vi-
sion. Therefore, a brief overview on the functioning of the human
eye is given in the first section. Furthermore, the Color Matching
Functions and Chromaticity Coordinates defined by the Commission
Internationale de l’E´clairage (CIE) in order to standardize color mea-
surements, are presented. The quantitative measurement of the qual-
ity of light sources requires a set of Standard Illuminants and a Color
Rendering Index, which both are also defined by the CIE. Since phys-
iological properties may vary for each individual, any standardization
can have only limited application. Therefore, also the derivation of
the standards from experiments is briefly described in each case.
2.1 The Human Eye
Visible light as a kind of electromagnetic radiation is independent of human beings,
however, colors and their reception under various conditions can only be defined
and understood by having a closer look on the functioning of the human eye. A
schematic cross-section of the human eye is shown in Figure 2.1.
Light is collected and focussed on the retina by the cornea and the lens. The
retina consists of two different kinds of light receptors, namely about 100 million
rods and 6 million cones. Rods are very sensitive but only capable of processing
monochrome information with a sensitivity maximum at 510 nm. They are used
for so called scotopic vision under low levels of illumination, i.e., less than some
hundredths of cd m−2. On the other hand, there are three different types of cones
commonly named ρ, γ, and β cones because they can be distinguished by their
different sensitivity maxima being at 590 nm (orange-red), 540 nm (green) and
440nm (blue) (see Figure 2.2). Therefore, the cones are capable of forming a basis
for color distinction as every wavelength of light within the cones’ sensitivity range
will stimulate the three cone types in a unique intensity ratio. However, when it
comes to light sources emitting at more than one sharp wavelength, the resulting
stimulation ratio is not unique anymore. This is the origin of a phenomenon
known as metamerism: the colors of two light sources are said to be metameric
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Figure 2.1: Cross-section of the human eye and angular distribution of cones and
rods on the retina [14].
if they match one another but are different in spectral composition. The cones’
signals are used for so called photopic vision under levels of illumination of about
1 cd m−2 or more.
Rods and cones are not evenly distributed on the retina (see Figure 2.1). There
is a small region of about 1.5◦ slightly shifted off the eye’s optical axis, called
the fovea, where the density of cones is very high. In its center, the foveola, only
cones are situated, while outside the fovea, the density of cones rapidly decreases
and mostly rods are present. Therefore, color vision is concentrated on the center
of the field of vision, whereas the perception at the edges is optimized to fast
movements.
The different cone types are not represented equally, there are about 64% ρ,
32% γ, and only 2% β cones. The striking low amount of blue cones is a direct
consequence of the lack of correction for chromatic aberration in the human eye.
While it is quite well possible to simultaneously produce a sharp image on the ρ
and γ cones, since their sensitivity maxima are close together, the blue part of
the image on the retina will be more blurred. Therefore, as viewing resolution is
also an issue and is directly correlated to the density of light receptors, a similar
density of β cones is gratuitous or even disadvantageous in an environment with
mostly green objects. However, the human eye is still as sensitive to blue as to red
and green light, which is partly because of a higher sensitivity of one single β cone
but also because of some kind of boosting mechanism during signal processing,
which is not yet completely understood.
Thus, altogether there are four different types of receptors. However, psy-
chophysical experiments [15] strongly hint to that their signals are combined and
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Figure 2.2: Spectral sensitivity of the three different types of cones present in the
human eye. They can be distinguished by their sensitivity maximum
being in the blue (β), green (γ), and red (ρ) spectral region, respec-
tively.
reduced to only three different ones before they are sent to the brain, ”to reduce
bandwidth requirements”. One of them contains a weighted sum of all four recep-
tor types which is the achromatic information about the luminance. The resulting
spectral luminous efficiencies known as Vλ curves are discussed in the following
section. The remaining two signals are the color difference signals
C1 = ρ− γ and C2 − C3 = ρ+ γ − 2β, (2.1)
which actually provide the color information. Since also the total luminance is
transferred with the achromatic signal, there is no need for a third color difference
signal to complete the full information as long as the contribution of the rods is
small enough. This explains why the rods’ signal is only used for scotopic but not
for photopic vision, although they could provide additional information to make
color distinction more accurate.
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2.2 Spectral Luminous Efficiency
As explained in the previous Section, under low illumination conditions, only rods
contribute to vision. Therefore, it is clear that the spectrally resolved sensitivity
of the human eye for scotopic vision follows that of the rods and the experimental
determination is straightforward [16, 17]. In total, 72 observers were asked to
adjust the brightness of a monochromatic beam to a reference beam of sufficiently
low intensity to assure scotopic conditions. The resulting scotopic spectral lumi-
nous efficiency function V ′λ was standardized by the Commission Internationale
de l’E´clairage (CIE) in 1951 and is shown in Figure 2.3.
Figure 2.3: Spectral luminous efficiency of the human eye. According to recent
experimental results, the official CIE1931 Vλ function underestimates
the sensitivity in the blue spectral region.
On the other hand, for photopic vision, all three types of cones contribute to
the luminance signal and a linear combination proportional to the relative number
of each cone type cannot be assumed a priori. What makes the experimental
determination of the photopic spectral luminous efficiency function Vλ difficult is
the fact that the human eye is not able to reliably adjust light beams with different
color to equal brightness. However, a method called flicker photometry turned
out to be adequate in this case: The monochromatic beam and the reference
are shown alternately at a frequency where colors become indistinguishable but
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brightness differences are still recognized. The CIE 1931 standard Vλ function is
shown in Figure 2.3 [18, 19]. Although it was realized later on that the sensitivity
below 460 nm is significantly underestimated [20], and several corrections have
been proposed [21, 22], the CIE 1931 standard is still commonly used for almost
any colorimetric measurement system and is therefore also applied in this work.
For completeness, however, Figure 2.3 also shows recent data measured by Sharpe
and coworkers [23].
2.3 Color Matching Functions and Chromaticity
The most appropriate basis for a system of color evaluation from spectral power
data would certainly be the use of the three cone spectral sensitivity curves already
presented in Section 2.1. However, these curves were not known with sufficient
precision at the time the first Standard Colorimetric Observer was defined by the
CIE in 1931 [24]. Instead, the basis was defined from trichromatic matching ex-
periments. As human color vision is based on three different cone types, it is clear
that any color impression can be created from a mixture of three appropriately
chosen monochromatic stimuli - the CIE chose the wavelengths 700nm, 546.1nm,
and 435.8 nm. The resulting color matching functions (CMF) can be determined
experimentally as follows. For every wavelength, the observers have to adjust the
intensity of three monochromatic reference beams with fixed wavelengths such
that the mixture matches the color of another monochromatic light beam with
the given wavelength. The viewing angle is fixed at 2◦ to concentrate the light on
the fovea and minimize the influence of the rods.
However, the standard CIE 1931 CMF were not directly measured, but are
based on experimental data from two independent experiments by Guild [25] and
Wright [26], from which effective CMF r¯(λ), g¯(λ), b¯(λ) for the chosen stimuli
wavelengths were calculated. Because the resulting CMF had negative values for
several spectral regions, they were once again transformed to x¯(λ), y¯(λ), z¯(λ)
such that only positive values occur. These transformed CMF are shown in Fig-
ure 2.4. Above all, it has to be pointed out that the CIE adjusted the CMF such
that y¯ matches the Vλ function from 1924, i.e., y¯(λ) ≡ Vλ(λ). The tristimulus
value Y then corresponds to the luminance which is approximately the bright-
ness impression of the perceived spectrum. X and Z, however, do not have any
correspondents. Moreover, these modified CMF and all functions based on them
show the same underestimation of sensitivity in the blue region as the Vλ function.
One can hardly expect that the CIE 1931 Standard 2-deg Colorimetric Observer
defined in such a way has color impressions matching those of the majority of
human beings.
Nevertheless, with these CMF, the so called tristimulus values X,Y,Z can be
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Figure 2.4: The so-called CIE1931 Color Matching Functions of the Standard Col-
orimetric Observer.
calculated from any spectrum of power P (λ) per wavelength interval dλ by
X = K
∫
P (λ)x¯(λ)dλ, Y = K
∫
P (λ)y¯(λ)dλ, Z = K
∫
P (λ)z¯(λ)dλ.
(2.2)
To get into the commonly used framework of the luminance unit [cd m−2], the
constant K must be set to 683 lmW−1 and P (λ) must be in radiance units
[W sr−1 m−2].
Finally, by normalizing the tristimulus values
x = X/(X + Y +Z), y = Y/(X + Y +Z), z = Z/(X + Y +Z) (2.3)
the so called CIE 1931 chromaticity coordinates can be calculated, which are a
quantitative measure for the color impression of a spectrum. Figure 2.5 shows
the resulting chromaticity diagram in its commonly used form, i.e., only the x
and y coordinates are shown, as x + y + z = 1. The color coordinates of any
possible spectrum lie within the ”horse shoe” defined by the monochrome spectral
wavelengths from 380 nm to 780 nm.
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Figure 2.5: The x − y plane of the CIE 1931 Chromaticity Diagram. The
monochrome colors with wavelength (in nm) in the visible region form
a ”horseshoe” surrounding any color which can be generated by addi-
tive mixing.
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2.4 Light Sources
Non luminescent objects only show colors if they are illuminated by a light source.
By absorbing parts of the incident light, they change the reflected spectrum which
gives rise to a color impression of the object. Thus, colors also dependent on the
spectrum of the light source. This can be for instance seen during the course of a
day in nature. Colors look completely different at sunrise or at noon, for sunny or
cloudy weather, at the beach or in the forest [27]. The daylight spectrum changes
when sunlight travels a longer distance through the atmosphere, is strongly ab-
sorbed and diffused by clouds or is absorbed and reflected by the environment. For
illustration, in Figure 2.6, a variety of daylight spectra measured under different
conditions [28] are shown.
Figure 2.6: Daylight spectra measured under different ambient conditions in Fin-
land [28]. Distinct features caused by light absorption in the atmo-
sphere are visible in every spectrum. However, the actual shape may
vary significantly, therefore also causing different color rendering.
Therefore, colors are relative and there are in principle no right or wrong colors.
Nevertheless, the lighting industry requires standards for specifying the quality
and possible field of application of light sources. This became especially impor-
tant, when light sources other than incandescent ones were developed. Incandes-
cent sources such as the common light bulb have a spectrum close to a Planckian
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radiator, more or less continuous over the visible region, as are daylight spectra.
Therefore, depending on the temperature of the source, the emitted light is per-
ceived as warmer or colder and colors of objects may change their saturation or
relative luminances, however, an object will never lose its color because of a lack
of intensity within a region of the light source’s spectrum. On the other hand,
this can indeed be the case for non-incandescent light sources. An extreme ex-
ample are the yellowish looking low pressure sodium gas-discharge lamps often
used for street illumination because of their unsurpassed power efficiency. Their
spectrum almost exclusively consists of a sharp line at 589nm. Therefore, objects
which are for instance of green or blue color in daylight just look black under such
illumination.
Thus, there are basically two properties which can specify the quality of a light
source for illumination purposes. One is the color of the light source itself and the
other is its color rendering ability, i.e., how well colors of objects are reproduced
under that light source compared to some reference to be defined in the following
Section.
2.5 Reference Light Sources and Standard
Illuminants
Convenient reference light sources are Planckian radiators, as conventional arti-
ficial light sources are incandescent ones. They can be defined by only one pa-
rameter, i.e., the temperature. Consequently, the color temperature TC of a light
source is defined as the temperature of a Planckian radiator having the same chro-
maticity. In Figure 2.7, the chromaticity coordinates of Planckian radiators with
temperatures from 2000 to 10000 K are shown. If a light source has chromatic-
ity coordinates apart from this Planckian locus, one can only define a correlated
color temperature (CCT) of the closest Planckian radiator. A particulary im-
portant point on the Planckian locus is the CIE Standard Illuminant A which
corresponds to a Planckian radiator with 2856K. Its chromaticity coordinates are
(x, y) = (0.448, 0.408), also known as the color point A or warm white point. It
is the most commonly used reference for illumination purposes, because tungsten
incandescent lamps are usually operating around this temperature.
For evaluating the color rendering properties of light sources up to 5000 K
CCT, Planckian radiators are used as reference. For higher CCT, however, the
reference is the closest of the CIE Standard Illuminants D, which are a series
of defined daylight spectra. Although the sun approximately also has a black
body spectrum1 with its surface temperature of about 5800 K, daylight spectra
1besides sharp holes in the sun’s spectrum known as the Fraunhofer lines caused by light
absorption by chemical elements within the sun’s atmosphere
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Figure 2.7: CIE1931 chromaticity coordinates of reference illuminants for light
sources. The Planckian locus is formed by ideal black-body radiators
and used as reference for light sources with CCT up to 5000K. Above,
the standard daylights are the defined reference. Standard illuminant
A corresponds to a common incandenscent tungsten lamp. E is the
point of equal energy perceived as plain ”colorless” white.
measured on the earth’s surface significantly deviate from an ideal black body
spectrum. This is caused mainly by water and ozone in the earth’s atmosphere,
which partly absorb light or reflect it back to space. Figure 2.8 shows the most
important reference daylight spectrum of the Standard Illuminant D65 which has
a CCT of 6500 K.
2.6 The Color Rendering Index
The commonly used quantitative measures for the color rendering properties of a
light source are the CIE Special and General Color Rendering Indices (CRI) de-
fined in 1965 [29]. The general CRI R is the average value of the special CRI which
are determined by measuring the color coordinates of eight defined color cards of
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Figure 2.8: Spectra of D65, the most important standard illuminant for daylight,
compared to a black-body radiator with T = 6500 K and a real sun
spectrum. Furthermore, the spectrum of the Standard Illuminant A,
i.e., a black-body radiator with T = 2856 K, is shown.
distinct colors from red over green to purple2 illuminated with the light source
and the reference light source with the closest CCT (see Section 2.5), respectively.
The distances di within the CIE U
∗V∗W∗ color space3 between the color coordi-
nates measured under illumination by the light source and the reference source
then give the special CRI Ri by
Ri = 100− 4.6 di. (2.4)
A light source with CRI 100 is equivalent to the chosen reference source, Planckian
radiator, or Standard Illuminant D. Tungsten incandescent lamps naturally have
CRI 100 and also Xenon lamps have CRIs above 90, which is still considered very
good. However, for fluorescent lamps, the CRI can be as low as 50, which is no
high quality anymore. As already said, the CRI was established at the time the
2these are the Munsell colors 7.5R6/4, 5Y 6/4, 5GY 6/8, 2.5G6/6, 10BG6/4, 5PB6/8, 2.5P6/8
and 10P6/8
3Chromaticity diagrams can only be applied to colors all having the same luminance as only
relative tristimulus values are used. On the other hand, in color spaces, also the luminance
is included. For details, see e.g. [14]
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first non-incandescent, i.e., fluorescent lamps emerged. Since then, the spectra
of fluorescent lamps have much improved, and can as well reach values above 90.
However, a high CRI only does not automatically mean that the light source gives
natural colors under all conditions. It can strictly be applied only to those eight
defined colors, which are all more or less spectral colors. Therefore, to improve
the situation, the reference color set was extended in 1995, and now contains
6 additional colors4, among them a light yellowish pink supposed to represent
the human complexion. Many national industrial standard associations like the
Deutsche Institut fu¨r Normung (DIN) [30] followed the CIE recommendations
for the reference color set. Interesting enough, however, the Japanese Industrial
Standard (JIS) reference set has one additional color5 supposed to represent the
Japanese human complexion.
Since the reflectance spectra of all reference colors as well as the emission spectra
of the reference sources are available, the CRI can also be calculated numerically
from the measured emission spectrum of the light source if one does not need
a DIN certificate. In this work, the CRI calculation is done with help of the
IS-SpecWin software6.
4the Munsell colors 4.5R4/13, 5Y 8/10, 4.5G5/8, 3PB3/11, 5Y R8/4 and 5GY 4/4
51Y R6/4
6The DEMO version 2.0 is available for download at www.instrument-systems.de
3 Organic Dyes
This chapter gives an introduction to the electronic structure and op-
tical properties of organic molecules typically used in OLEDs for light
emission. In the first section, a brief introduction is given on the model
of molecular orbitals, and the formation of conjugated π-systems in
aromatic hydrocarbons. The next sections are dealing with the the-
ory of radiative and non-radiative decay of excited molecules, as well
as energy transfer mechanisms between two molecules. Since in this
work, fluorescent and phosphorescent emitters are combined, the de-
scription in particular considers the differences between them. The
singlet-triplet splitting of a fluorescent blue emitter determines the rel-
ative energetic position of its non-radiative triplet state as compared
to the radiative triplet state of green and red phosphors. Since this
plays an important role in the development of white emitting OLED
stacks in the subsequent chapters, one short section is dedicated to
this topic. The last sections explain basic aspects of charge carrier
transport, exciton generation, and recombination in OLEDs.
3.1 Molecular Orbitals
Like in a single atom, an ansatz for the n-electron wave function Ψ of a molecule1
is the approximation by a so called Hartree product
Φk(~r1, ..., ~rn) = φ1(~r1)φ2(~r2)...φn(~rn) (3.1)
of orbitals φi(~ri), which depend only on the coordinates of one single electron
[31]. If the Hamilton operator H(1, ...n) of the system could be written as a sum
of operators Heff(i), each of which only affects the coordinates ~ri of one single
electron, Φk would exactly solve the time-independent Schro¨dinger equation
HΨ = EΨ. (3.2)
1This already is an approximation, as one replaces interactions between nuclei and electrons
by a static mean potential for the electrons, the so called adiabatic or Born-Oppenheimer
approximation.
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Figure 3.1: Different possible singlet and triplet orbital configurations of
MePTCDI. Taken from [32].
Heff(i) must then contain the influence of all other electrons in form of a static
potential, and the orbital energies ǫk are the eigenvalues of the single-electron
Schro¨dinger equation
Heffφk = ǫkφk. (3.3)
However, the behavior of electrons generally is not uncorrelated and electron-
electron interactions like Coulomb attraction and exchange interaction give rise
to terms in H which depend on the coordinates of more than one electron; thus,
Φk is no exact solution of Equation 3.2 anymore. Therefore, for accurate absolute
energy calculations of the n-electrons system, one also has to take the so called
correlation energy into account. Nevertheless, compared to the total energy, the
correlation energy often is small and the molecular orbital approximation holds.
To also consider the electron spin, the orbitals φi(~ri) are replaced by the spin
orbitals
ψk(j) = φi(j)α(j) ≡ φi and ψl(j) = φi(j)β(j) ≡ φi, (3.4)
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Figure 3.2: Schematic representation of the binding MO φ+ and anti-binding MO
φ− built from the AOs χA and χB of two H-atoms A and B, and the
resulting orbital energies. Reprinted from [31].
with the orthonormal spin functions α(j) and β(j). Every possible orbital config-
uration is then a product wave function, like, e.g., (see Figure 3.1)
φ1φ1φ2φ2 · · ·φiφk · · · (3.5)
For the construction of molecular orbitals φ, the so called Linear Combination
of Atomic Orbitals χ (LCAO) is the commonly used method.
φi =
∑
µ
cµiχµ (3.6)
It is exact, if one uses all atomic orbitals as the basis, which is impossible due
to their infinite number. Moreover, one is often restricted to only a few basis
orbitals to keep the calculation manageable. Nevertheless, this approximation in
many cases gives a good qualitative prediction of the molecular orbitals (MO). As
a simple example, the linear combination of the 1s atomic orbitals (AO) χa,b of
two H atoms in an H2 molecule is demonstrated (see Figure 3.2). They can be
combined to a binding MO2
φ+(~r) = N+[χa(~r) + χb(~r)], (3.7)
and an anti-binding MO
φ−(~r) = N−[χa(~r)− χb(~r)]. (3.8)
2N+ and N− are normalizing factors which make sure that 〈φ+|φ−〉 = 1.
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Figure 3.3: Schematic representation of the orbitals and resulting orbital energies
of benzene and the formation of a delocalized π-electron system [34].
The orbital density
P+(~r) = φ
2
+ = N
2
+[χ
2
a(~r) + χ
2
b(~r) + 2χa(~r)χb(~r)] (3.9)
is higher than the sum χ2a(~r) + χ
2
b(~r) of the atomic densities in between the nu-
clei which makes φ+ energetically more favorable than the separated AOs, φ+ is
therefore binding. The product χa(~r)χb(~r) is called overlap density. In case of
φ−, its orbital density P− = φ
2
−
in between the nuclei is smaller than the sum
of the atomic densities, and therefore, φ− is anti-binding. One also speaks of a
splitting of the AOs into binding and anti-binding MOs. In the H2 molecule, the
energetically most favorable state is to place the two electrons on the binding φ+
with opposite spin, which is therefore the ground state.
Organic dyes used for light emission in OLED should naturally emit in the
visible spectral region, i.e., from 380 to 780 nm. For this, the gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), which determines the energetically lowest transition, must be
roughly in the range of 2 to 4 eV3, if one also takes the strong exciton binding
energy of typically 0.5 eV into account (see Section 3.2). This requirement can be
fulfilled in organic molecules with extended π-electron system such as in aromatic
compounds like the polyacenes [33].
Being the simplest example, the orbitals of benzene are shown in Figure 3.3. The
electronic configuration of the ground state of the carbon atom is 1s22s22p2. The
carbons of benzene, however, are sp2 hybridized, meaning that the 2s orbital mixes
with the px and py orbitals to form three sp
2 hybrid orbitals all being coplanar
and having an angle of 120◦ between each other. Two sp2 orbitals form strong σ-
3As this range for the energetic gap is also a prerequisite for semiconducting properties, a
particular organic dye may often fulfill several tasks within an OLED.
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bonds each with an adjacent carbon atom and a ring of six carbons is formed. The
remaining sp2 orbitals bind to hydrogen atoms. The pz orbitals remain unchanged
and are oriented perpendicular to the plane of the sp2 hybridization. The spacing
between the carbon atoms now is such that there is an overlap between neighboring
pz orbitals. These comparably weak π-bonds give rise to a delocalized electron
density above and below the plane of the carbon atoms, the so called π-electron
system which further stabilizes the molecule. Because the overlap of the pz carbon
orbitals is smaller than that of the sp2 carbon orbitals, the resulting binding π
and anti-binding π∗ benzene orbitals consequently split up less than σ and σ∗.
Therefore, in benzene as well as in most typical organic compounds, the HOMO
is a π orbital and the LUMO is a π∗ orbital, and the lowest energetic transitions
are π-π∗ transitions.
3.2 Fluorescence and Phosphorescence
In amorphous layers of organic semiconductors, the molecules only weakly interact
by Van-der-Waals forces. Therefore, no energetic band structure like in inorganic
crystalline semiconductors is formed, and the physical properties are more or less
still determined by those of the isolated molecules. In particular, the optical
absorption and emission spectra are dominated by transitions of Frenkel excitons
which are each located on one single molecule. Due to strong Coulomb interaction
between electron and hole, they have high binding energies of up to 1eV and more.
This is in contrast to inorganic semiconductors having more delocalized Wannier-
Mott excitons with binding energies of only some meV.
From the point of view of an isolated molecule, a Frenkel exciton is simply a
singly excited molecule. If the total spin quantum number of this excited state
is S = 0, the molecule is in a singlet state |1Φn〉 ≡ Sn, while a triplet state
|3Φn〉 ≡ Tn has S = 1. The ground state of molecules with an even number of
π-electrons is usually a singlet S0, since every orbital up to the HOMO is filled
with two electrons with opposite spin which results in S = 0. This is the normal
situation in organic molecules used in OLEDs. However, in case the HOMOs are
energetically degenerated, the ground state may not be a singlet anymore. E.g.,
the ground state of molecular oxygen O2 or cyclobutadiene is a triplet [35].
Every state of an organic molecule can be described by a configurational func-
tion4, which is the Slater determinant of the corresponding orbital configuration
(see Equation 3.10). For instance, the ground state of a molecule with n electrons
4Strictly speaking, the configurational functions form a complete basis, and the molecular states
are linear combinations of them. However, states corresponding to transitions from HOMO
to LUMO usually appearing in OLEDs can well be described by one single configuration.
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is given by
1Φ0 =
∣∣φ1φ1φ2φ2 · · ·φn/2φn/2∣∣ (3.10)
The Slater determinant antisymmetrizes the configurational function with re-
spect to the interchange of any pair of electrons. This generalized Pauli principle
is a requirement for any valid electron wave function, as electrons are Fermions
[36]. For better readability, the wave functions of singlet ground state and singly
excited singlet and triplet states are given in the following for a two-electron
system only.
The singlet ground state as well as the singly excited singlet state can be written
as products of a symmetric orbital function and an antisymmetric spin function:
1Φ0 = φ1(1)φ1(2) ·
√
1
2
[α(1)β(2)− β(1)α(2)] (3.11)
1Φ1 =
√
1
2
[φ1(1)φ2(2) + φ2(1)φ1(2)] ·
√
1
2
[α(1)β(2)− β(1)α(2)] (3.12)
On the other hand, the singly excited triplet state wave functions are products of
an antisymmetric orbital function and a symmetric spin function:
3Φ1 =
√
1
2
[φ1(1)φ2(2)− φ2(1)φ1(2)]


α(1)α(2) ,MS = 1√
1
2
[α(1)β(2) + β(1)α(2)] ,MS = 0
β(1)β(2) ,MS = −1
(3.13)
In organic molecules obeying Kasha’s rule [37], higher excited states Si and
Ti relax very fast by internal conversion to the lowest excited state S1 and T1,
respectively. Internal conversion from S1 to S0 is only negligible if the energy dif-
ference ∆E(S1−S0) between S1 and S0 is quite large, e.g., > 2.6eV for benzenoid
aromatics. The so called energy-gap law relates the internal conversion rate kIC
and ∆E by
kIC = 10
13 e−α∆E [s−1], (3.14)
where α is an empiric constant equal to 4.85 (eV)−1 for benzenoid aromatics [38].
Thus, this loss channel for fluorescence may significantly contribute to radiation-
less deactivation of the S1 state starting in the green spectral region. At longer
wavelength, in particular in the infrared, it accounts the most for the decreasing
fluorescence quantum yields.
The radiative transition S1 → S0 + hν is called fluorescence, and T1 → S0 + hν
phosphorescence. Radiative transitions between two molecular states are de-
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scribed by the electric dipole5 operator Mˆ and the probability is given by
M2i→f = |〈ψf |M|ψi〉|2. (3.15)
Within the Born-Oppenheimer approximation, the total stationary wave func-
tions are written as products
Ψj,v(~r, ~R) = Ψ
R
j (~r)χ
j
v(~R) (3.16)
of an electronic part ΨRj (~r) depending on the positions ~r of the electrons for a
given nucleus configuration R, and a vibrational part χjv(~R) depending on the
positions ~R of the nuclei. Consequently, the total energy is the sum
E = Eel + Evib. (3.17)
Rotations are usually neglected, as their contribution to the total energy is com-
parably small and can only by resolved in the gas phase, if at all. In typical small
molecules, the large number of vibrational degrees of freedom result in many en-
ergetically close lying vibrational sublevels for each electronic state.
As electronic motion with a typical frequency of 3 × 1015 s−1 is much faster
than vibrational motion with a typical frequency of 3× 1013 s−1, the nucleus con-
figuration must be nearly unchanged for an allowed electronic transition. The
Franck-Condon principle therefore holds, stating that the probability of an elec-
tronic transition scales with the overlap of the vibrational wave functions χi and
χf of initial and final state
|Miv→fv′ |2 = |M0i→f |2|〈χfv′|χiv〉|2. (3.18)
Therefore, electronic absorption transitions are often most probable into a higher
excited vibrational state (see Figure 3.4). From there, fast relaxation to the
vibrational ground state occurs before the electronic relaxation, which again is
most probable into a higher excited vibrational state of the electronic ground state.
Altogether, this results in the often observed mirror symmetry of the vibronic
shape of absorption and emission spectra and Stokes shifts which are fairly large
compared to inorganic semiconductors.
5Magnetic dipole moment, as well as electric quadrupole moment and higher order moments
can usually by neglected, as their oscillator strength is orders of magnitude lower than that
of the electric dipole moment.
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Figure 3.4: Left: Illustration of the Franck-Condon principle in the case of a di-
atomic molecule: the absolute value of the integral 〈χfv′|χiv〉 is largest
for ”vertical transitions” into higher excited vibronic states, since the
amplitudes are largest at the equilibrium bond length and near the
turning point, respectively [37]. Right: Photoluminescence and ab-
sorption spectra of MePTCDI, showing the typical mirror symmetry
of emission and absorption (taken from [39]).
Within the ZDO approximation6, the electric dipole operatorM can be shown
[37] to be
Mi→f = −|e|
√
2
∑
c∗µfcµi ~Rµ. (3.19)
Here, c are the weighting factors of the atomic orbitals (see Equation 3.6) and ~Rµ
the position of the nucleus on which the atomic orbital χµ is centered. Thus,M is
given by the electric dipole moment of point charges at positions ~R, whereas the
strength is determined by the overlap charge distribution −|e|φ∗fφi, rather than
by the orbital charge distributions −|e||φi|2 and −|e||φf |2.
As the electric dipole operator does not operate on spin, there is a quite strict
spin selection rule allowing only transitions between states of identical spin multi-
plicity, as integration over the spin variables yields zero in all other cases. However,
6The ZDO approximation is commonly used for semi-empirical LCAO calculations and sets
all differential overlaps of atomic orbitals to zero, leaving only the Coulomb integrals to be
calculated. Though a quite drastic approximation, it often holds, especially in the case of
pi-orbitals.
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the classification of states by multiplicity is only approximate. The most impor-
tant term in the Hamiltonian which can cause a mixing of spin states is due to
spin-orbit coupling between spin and orbital angular momentum of an electron
HSO = e
2
2m2ec
2
∑
j
∑
µ
Zµ
|rµj |3
lˆµj · sˆj, (3.20)
where lˆµj = r
µ
j × pˆj is the orbital angular momentum operator, rµj is pointing from
nucleus µ to electron j and Zµ is the atomic number of nucleus µ. Obviously, spin-
orbit coupling is particularly significant in the presence of heavy atoms. This effect
is used in high-efficiency state-of-the-art phosphorescent emitters by incorporating
e.g. Pt or Ir in the molecules. Due to the scalar product lˆµj · sˆj of one operator
acting only on the spatial part of the wave function and one operator acting
only on the spin part, the resulting eigenfunctions are mixtures of functions with
different multiplicity. However, as the contribution of HSO is usually very small,
the states still have a predominant character with only a small ”impurity” of
different multiplicity. On the other hand, the transition probability, e.g., between
a triplet with a small singlet portion and a singlet with triplet portion, can then
significantly differ from zero.
The mean natural radiative lifetime τr = 1/kr of an excited state can be esti-
mated from the Einstein probability of spontaneous emission summarized over all
transitions
1
τr
= kr = Au0→l =
∑
m
Au0→lm (3.21)
as [37, 40, 41]
τr =
c2N
8π × 2303 n2
〈ν−3〉∫
ǫ dν
ν
≈ 1.5× 10
−14 λ2max
n2f
[s−1], λmax in [nm], (3.22)
where N is Avogadro’s constant, n the refractive index, ν the transition frequency,
f the oscillator strength, and λmax the wavelength of the absorption maximum.
Assuming λmax = 400 nm, n = 1 and f = 1 for a fluorescent transition, the
radiative lifetime is thus estimated as τfl = 2.4 × 10−9 s. On the other hand, for
a spin-forbidden phosphorescent transition in a molecule without enhanced spin-
orbit coupling, the oscillator strength can be as low as f = 10−9, which yields
τph = 2.4 s.
Every non-radiative decay process, like vibrational relaxation, internal conver-
sion and intersystem crossing, reduces the observed lifetime as
τ = 1/(kr +
∑
i
ki). (3.23)
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Figure 3.5: Jablonski diagram illustrating various possible radiative and non-
radiative excitonic processes in a molecule. ISC: intersystem crossing.
IC: internal conversion.
Altogether, the dynamics of excited molecular states can be illustrated in a
Jablonski diagram like it is shown in Figure 3.5.
A particular important measure of the practical relevance of organic dyes for
OLEDs is their quantum yield, which is defined as
Φr =
number of emitted photons
number of absorbed photons
=
nE
nA
. (3.24)
If one defines the efficiency η of a particular process, e.g., the emission efficiency
ηE =
number of emitted photons
number of excited molecules
=
nE
nA∗
, (3.25)
one can write the quantum yield as a product of efficiencies of all processes in-
volved:
Φr = ηabsηE. (3.26)
The efficiency of a particular process j, again, is determined by its rate constant
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compared to the rate constants ki of all competing processes as
ηj =
kj∑
i ki
. (3.27)
3.3 Singlet-Triplet Splitting
For a more quantitative understanding of singlet and triplet states of a molecule
and their energies, it is necessary to properly take electron-electron interaction
into account. The molecular orbitals introduced in Section 3.1 are single electron
wave functions, with the influence of all other electrons only considered by a mean
field. Consequently, the lowest excitation energy of a molecule in this picture is
simply the difference between HOMO and LUMO energy
∆E = ELUMO − EHOMO = ǫr − ǫa, (3.28)
with ǫa = −Ia (ionisation potential) and ǫr = −Ar (electron affinity) according
to Koopmans’ theorem. Moreover, there is no energetic difference between singlet
and triplet state. This would be appropriate if electron - hole correlation was
negligible as is the case in inorganic semiconductors with their weakly bound
Wannier-Mott excitons.
However, in organic molecules, electron - hole correlation is of the order of the
energy gap, i.e.,
J,K ≈ ǫr − ǫa. (3.29)
The Coulomb integral [42]
Ja,r =
∫∫
ψ∗a(r1)ψ
∗
r(r2)
e2
4πε0
1
|r1 − r2|ψa(r1)ψr(r2)d
3r1d
3r2 (3.30)
is due to the electrostatic interaction between the delocalized charge density
|ψa(r1)|2 of the orbital a (i.e., the ”hole”) and the delocalized charge density
|ψr(r2)|2 of the orbital r (i.e., the excited ”electron”). The exchange integral
Ka,r =
∫∫
ψ∗a(r1)ψ
∗
r(r2)
e2
4πε0
1
|r1 − r2|ψr(r1)ψa(r2)d
3r1d
3r2 (3.31)
is due to the non-classical exchange interaction between ”electron” and ”hole”
both having the charge density distribution |ψ∗a(r)ψr(r)|. Due to spin integration,
Ka,r is non-zero only if ψa and ψr both have the same spin factor, which is only
the case for singlet configurations, where the excited electron has the same spin
as the hole, i.e., the empty orbital.
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One can show [42], that the singlet and triplet energies are given by
∆ES = ǫr − ǫa − Ja,r + 2Ka,r (3.32)
∆ET = ǫr − ǫa − Ja,r. (3.33)
Both are smaller than the energy difference between HOMO and LUMO due to
the Coulomb attraction of the excited electron and the remaining hole, however,
the singlet state is less bound by twice the exchange integral. The vanishing
exchange integral for the triplet state can be understood with Pauli’s principle:
the excited electron and the remaining electron have the same spin orientation
and thus cannot come arbitrarily close. As can be seen from Equation 3.31, the
exchange integral scales with the overlap of HOMO and LUMO wave functions:
Ka,r ∝
∫
ψa(r)ψr(r)d
3r. (3.34)
Thus, the singlet-triplet splitting, i.e., the difference between singlet and triplet
energy also scales with the HOMO-LUMO overlap:
∆ST = ∆ES −∆ET = 2Ka,r ∝
∫
ψa(r)ψr(r)d
3r. (3.35)
However, one has to keep in mind that the closer singlet and triplet energy
are, the higher the intersystem crossing rate kISC becomes, as there is a similar
energy-gap law like for internal conversion (see Section 3.2) [41]:
kISC = k
0
ISC + k
′
ISC e
−WISC/(kT ), (3.36)
where WISC is the activation energy of the process, which is in general composed
of several competing intersystem crossings to higher excited triplet states Tn.
However, it may correspond to ∆S1T1 if the splitting is small, such that intersystem
crossing to other higher excited triplet states Tn becomes less relevant.
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3.4 Energy Transfer Mechanisms
Molecules in an excited state can transfer their energy to other molecules in var-
ious ways. Besides the rather trivial reabsorption of its emitted light by another
molecule7
D∗ → D + hν
hν + A→ A∗,
which is a long-range two-step mechanism, there are two different single-step non-
radiative energy transfer mechanisms
D∗ + A→ D + A∗.
Like the electron-electron interaction within a single molecule (see Section 3.3),
the interaction between donor D and acceptor A
β = 〈ψf |H′|ψi〉, (3.37)
with the total product wave functions ψi = AˆψD∗ψA and ψf = AˆψDψA∗ , may be
divided into the classical Coulomb interaction and the pure quantum mechanical
exchange interaction.
The Coulomb interaction occurs between their charge density distributions
Q1(1) = |e|φD∗(1)φD(1) and Q2(2) = |e|φA(2)φA∗(2), and is dominated by dipole-
dipole interaction, also called Fo¨rster transfer [43]
βF ∝MDMA/R3AD, (3.38)
with the dipole transition momentsMD andMA, and the distance between donor
and acceptor RAD. With Fermi’s golden rule
8, the Fo¨rster transfer rate constant
can be written as
kF ∝ fDfA
R6DAν
2
J, (3.39)
where fD and fA are the oscillator strenghts of the donor and acceptor transition,
7In the following, A and D denote acceptor and donor in the ground state, whereas A∗ and
D∗ are excited states.
8Within the time-dependent perturbation theory, Fermi’s golden rule gives the rate constant
for a transition between two states as ki→f =
2pi
~
〈ψf |Hˆ ′|ψi〉2ρE , where ρE is the density of
states of the final state at the energy of the initial state.
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respectively, and
J =
∫
∞
0
I¯D(ν)ε¯A(ν)dν (3.40)
is the normalized spectral overlap, i.e., the donor emission spectrum I¯D(ν) and
the acceptor absorption spectrum ε¯(ν) are normalized to unit area:∫
∞
0
I¯D(ν)dν =
∫
∞
0
ε¯A(ν)dν = 1, (3.41)
thus being independent of the absolute oscillator strength. As Fo¨rster transfer is a
pure dipole-dipole transition, spin is not changed in either participant. Therefore,
transitions like
1D∗ + 1A→ 1D + 1A∗ and (3.42)
1D∗ + 3A→ 1D + 3A∗ (3.43)
are allowed, but triplet-triplet energy transfer like
3D∗ + 1A→ 1D + 3A∗ (3.44)
is forbidden. Although the Fo¨rster rate constant decreases ∝ R−6DA, it can be
relevant up to the order of 10 nm.
On the other hand, exchange interaction occurs between the charge density dis-
tributions QE1 (1) = |e|φD∗(1)φA∗(1) and QE2 (2) = |e|φD(2)φA(2).9 The interaction
which also known as Dexter transfer [44] is described by the exchange integral
βD =
∫
ψD∗(1)ψA(2)
e2
r12
ψD(2)ψA∗(1)d
3r1d
3r2. (3.45)
As βD depends on the spatial overlap of the orbitals of D and A, the interaction
decreases exponentially, like the overlap, with increasing intermolecular distance
RDA [37]. According to Fermi’s golden rule, the Dexter transfer rate constant is
kD ∝ e−2RDA/LJ, (3.46)
which does not depend on the oscillator strength of D or A, but only on a constant
L related to an effective average orbital radius of D and A. From Equation 3.45,
one can see that βD yields zero, if the spin orbitals ψA and ψD or ψA∗ and ψD∗
9In contrast to the Coulomb term, here, both ”electrons” are not localized on donor and
acceptor, respectively, but are found on the donor as well as on the acceptor.
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have different spin factors. Therefore, only the transitions
1D∗ + 1A→ 1D + 1A∗ and (3.47)
3D∗ + 1A→ 1D + 3A∗, (3.48)
i.e., singlet-singlet and triplet-triplet energy transfer, respectively, are allowed.
As singlet-singlet is also allowed by Fo¨rster transfer, which is more long-range
(∝ R−6DA) and thus dominant, Dexter singlet-singlet transfer usually cannot be
observed. Although only short-range on the order of 1 − 1.5 nm, triplet-triplet
transfer is very important, for instance at interfaces in OLEDs and for triplet
exciton diffusion through an organic layer.
3.5 Electroluminescence
In this section, the various processes involved in light generation in an OLED
are briefly discussed (see Figure 3.6). Every process takes place with a certain
efficiency, which contributes to the total external quantum efficiency ηext [45].
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Figure 3.6: Flowchart of the various steps in the light generation process in
OLEDs, and corresponding transfer yields determining the overall
quantum efficiency.
In an OLED, electrons and holes are injected from the cathode and anode,
respectively, without preferred spin orientation. In amorphous layers, where the
mean free path of the charge carriers is less than the radius of capture of one
carrier by the other by Coulomb attraction, electron-hole pairs form by means of
Langevin type recombination [46], where the bimolecular recombination rate is
given by
κnp =
e
εε0
(µp + µn), (3.49)
with e the elementary charge, εε0 the permittivity of the organic layer, and µp,n
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the hole and electron mobility, respectively. The recombination efficiency,
γnp =
jlow
jhigh
≤ 1 (3.50)
is given by the ratio between the injected electron and hole currents, where jlow is
the lower and jhigh is the higher of the two. In other words, it is the charge carrier
balance, which can be close to 1 if electron and hole current are equal. This is
achieved if electrons and holes are injected equally well and the emission layer is
sandwiched between blocking layers for electrons and holes, respectively, confining
the charge carriers inside the emission layer. Good injection can be achieved, e.g.,
by electrical doping of the charge transport layers (see Section 4.1). Also blocking
layers are standard in state-of-the-art OLEDs.
Electron-hole pairs quickly form excitons, due to their large binding energies (see
Section 3.2). The ratio between singlet and triplet excitons is determined by spin
statistics, i.e., 25% are singlets, and 75% are triplets [6, 47, 48]. This 1 : 3 ratio has
been experimentally confirmed for some small-molecule and polymer OLEDs [49,
50]. However, some experimental results on polymer OLEDs have been interpreted
in terms of spin-dependent exciton formation, resulting in a higher singlet fraction
[51, 52, 53]. Currently, this topic is still discussed controversially [54, 55, 56, 57,
58].
In fluorescent emitters, only singlet excitons may recombine radiatively with ef-
ficiency φFLUO. Among the concurrent non-radiative decay paths is the transfer of
a singlet to a triplet exciton by intersystem crossing (ηISC). Phosphorescent emit-
ters are optimized for radiative recombination of their triplet excitons (φPHOS) by
incorporating heavy metal atoms like Ir, Pt, Os or Eu (see Section 3.2). More-
over, their intersystem crossing efficiency is very high, such that also the singlet
excitons are harvested for phosphorescence [6]. In total, the fraction of excitons
which can actually decay radiatively is ηST = 0.25 at maximum for fluorescent
emitters, whereas for phosphorescent emitters, it has been shown that ηST can be
close to unity [45, 59, 60].
In an optically flat OLED stack, only about 20% of the internally generated light
is actually coupled out due to isotropic light emission within the organic layers,
and different refractive indices of the glass substrate (≈ 1.5) and air [3, 45]10. The
optical extraction efficiency ηOP is given by
ηOP =
1
2
n2air
n2glass
≈ 0.22. (3.51)
This is a rather rough estimation, neglecting microcavity interference effects, ab-
sorption, and different refractive indices of the ITO anode, the organics, and the
10The whole discussion only holds for bottom-emitting OLEDs.
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metal cathode, respectively. Nevertheless, numerical simulations taking these ef-
fects into account show that the extraction efficiency indeed can be in the range of
20%, if the microcavity has been optimized for constructive interference, the reflec-
tivity of the cathode is high, and absorption effects are negligible [61, 62, 63, 64].
Within this work, no extended microoptical investigation of the prepared OLEDs
is done, apart from experimental optimization of the microcavity. However, since
organic materials with wide optical gaps and intrinsically low reabsorption (see
Section 3.2), as well as cathodes like Al and Ag with high reflectivity in the visible
spectral region are used, also 20% is assumed as an upper limit for the extraction
efficiency. For monochrome red, green, and blue OLEDs prepared under similar
conditions at the IAPP, numerical simulations confirmed this assumption [65].
All in all, the external quantum efficiency ηext of an OLED can be written as a
product of efficiencies of the various involved processes:
ηext = γnp · ηST · φRAD · ηOP, (3.52)
where φRAD is the radiative recombination efficiency, i.e., φRAD = φFLUO for fluo-
rescent emitters, and φRAD = φPHOS for phosphorescent emitters.
In conclusion, the external quantum efficiency of optically flat bottom-emitting
OLEDs is mostly limited by the light extraction efficiency, i.e., to 5% for fluores-
cent emitters, and 20% for phosphorescent emitters. Recent results on fluorescent
small-molecule OLEDs achieving up to 10% external quantum efficiency [66] are
not yet understood completely. One possible explanation could be additional
singlet exciton generation by triplet-triplet annihilation:
T1 + T1 → S∗1 + S0 (3.53)
The light extraction efficiency can be improved by diffractive or refractive mod-
ifications of the optically flat stack. Currently, this is one of the most active topics
of OLED research and development [67, 68, 69, 70, 71, 72].
3.6 Charge Carrier Mobility in Organic Amorphous
Layers
The layers of organic compounds used for OLEDs and prepared by vacuum ther-
mal evaporation are generally amorphous and thus can be treated as a disordered
system. According to a model by Ba¨ssler [73], charge carrier transport occurs via
hopping between localized states having an approximately Gaussian density of
states distribution. Thus, their mobility is intrinsically low compared to mobili-
ties obtainable by band-transport in crystalline semiconductors. As long as ohmic
contacts to an organic layer are provided, the current is usually limited by space
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charges building up near the injecting contact, because they cannot be trans-
ported fast enough through the layer [74]. If the current is additionally unipolar,
i.e., carried exclusively either by holes or by electrons and bipolar recombina-
tion can be neglected, the current-voltage characteristics can be described by the
Mott-Gurney law
JMG =
9
8
ǫ0ǫrµ
V 2
L3
, (3.54)
with ǫ0ǫr the permittivity of the organic layer, µ the mobility of the charge carriers,
and L the thickness of the device. In this work, it is always assumed that ǫr = 3,
which approximately holds for most commonly used organic compounds.
Figure 3.7: Schematic representation of the density of states (DOS) in a disor-
dered organic layer. The states contributing to charge carrier (here:
hole) transport are situated in the center of the Gaussian broadened
DOS of the HOMO, where neighbor states with similar energy are
numerous. The high-energy tail states can act as traps, since hopping
to neighboring states with similar energy becomes unlikely. Discrete
trap levels in the gap may arise from impurities.
Traps states in a disordered system are often approximated to be exponentially
distributed in energy, e.g., the high energy tail of the Gaussian distribution of
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hole transport states (see Figure 3.7) can act as shallow traps:
nt(E) =
(
Nt
kTt
)
exp
(
E − Ec
kTt
)
, Ec > E > 0, (3.55)
with nt(E) the trap density of states, Ec the energy of the conduction band, Nt
the total density of traps, and kTt an energy characterizing the trap distribution.
In the presence of such a trap distribution, the current-voltage characteristics are
characterized by two distinct regimes [75]. Below a critical voltage Vc, the current
is dominated by thermic charge carriers and thus ohmic:
J = n0qµ
V
L
, (3.56)
where n0 is the equilibrium electron density and q the single charge. Above
Vc, most of the traps become filled and the current increase gradually becomes
stronger, until it reaches the second so-called trap filled limited (TFL) regime.
There, the current follows
J = Ncqµn
(
ǫ0ǫr
qNt
)r
V r+1
L2r+1
C(r), (3.57)
where C(r) = rr(2r + 1)r+1(r + 1)−r−2, with r = Tt/T and Nc = 2.5× 1019 cm−3
the effective density of states in the conduction band.
If only traps of a discrete level below the quasi-Fermi level are present, then the
Mott-Gurney law still holds, only the mobility is replaced by an effective mobility
[74] µeff = θµ, with
θ =
nC
nt
=
NC
gNt
· exp (−Et − EC
kT
) (3.58)
being the ratio between free and trapped charge carrier density.
The charge carrier mobility is in general not a constant, but can rather de-
pend on local temperature, electric field, and charge carrier density. In this work,
no temperature dependent studies have been carried out. However, for the sake
of completeness, the temperature dependence is also stated for the two consid-
ered models treating the electric field dependence and the charge carrier density
dependence.
The electric field dependency is typically of the Poole-Frenkel type
µ = µ0 exp(γ
√
E), (3.59)
with µ0 the zero-field mobility, γ the field enhancement factor, and E the electric
field. Although the Poole-Frenkel model originally proposed for low mobility
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inorganic crystalline solids with charged trap states [76] might in some cases also
apply to organic compounds [33], the square root dependence on the electric field
can be explained in a more elegant way, once again, by the correlated Gaussian
distribution of transport states in a disordered system [73]. Within an empirically
found modification [77] of the the Ba¨ssler model, the charge carrier mobility is
derived as
µ = µ0 exp
[
−
(
3σ
5kBT
)2
+ 0.78
((
σ
kBT
)3/2
− 2
)√
eaE
σ
]
, (3.60)
with the width of the Gaussian density of states σ and the intersite spacing a. It
can be shown [78] that for a Poole-Frenkel type mobility, the space-charge limited
current can be approximated by
JPF =
9
8
ǫ0ǫrµ0 exp
(
0.89γ
√
V
L
)
V 2
L3
, (3.61)
which now only depends on the external applied voltage, rather than on the local
electric field, and can therefore be evaluated straightforward. It should be pointed
out that for large field enhancement factors γ, the commonly expected V 2/L3
dependence is modified towards a V/L dependence.
At high current density, as in organic field effect transistors, the dependence of
the mobility on the current density becomes relevant [79, 80]. The dependency
can be derived within a percolation variable range hopping model by Vissenberg
and Matters [81] as [82]
µ(ρ) =
σ0
e
(
(T0/T )
4 sin(πT/T0)
(2α)3Bc
)T0/T
pT0/T−1, (3.62)
where α−1 is the effective overlap parameter between localized states, T0 is a
measure for the width of the exponentially distributed density of states, and Bc is
a critical number describing the onset of percolation. The resulting current can be
expressed in terms of the average charge carrier density [74] ρav = 1.5ǫ0ǫrV/(eL
2)
as [82]
J = 0.8eρavµ(ρav)
V
L
. (3.63)
The total thickness scaling can be derived [83] combining Equation 3.54, 3.62, and
3.63 as
J = JMG + c
V T0/T+1
L2(T0/T )+1
, (3.64)
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with a proportionality factor c. For T = T0, this yields the commonly expected
V 2/L3 scaling, however, usually T0 is above room temperature [80] and thus, at
large current density, the thickness scaling may be modified towards V/L2.
3.7 Exciton Diffusion and Quenching
Singlet and triplet excitons generated in an amorphous organic layer are strongly
localized on individual molecules (Frenkel excitons, see Section 3.2). Neverthe-
less, they can move by a series of incoherent jumps by means of Fo¨rster or Dex-
ter transfer from molecule to molecule [84]. This random walk problem can be
equivalently described by the diffusion equation (Fick’s 2nd law) for particles in
continuous media [85, 86]. In one dimension, the exciton diffusion equation reads
∂nX
∂t
= G(x, t)− nX
τX
−Q(nX , x, t) +D∂
2nX
∂x2
, (3.65)
with the exciton density nX , the generated excitons G, the quenched excitons Q,
the diffusion coefficient D, and the effective exciton lifetime τ considering both
radiative and non-radiative monomolecular decay. In OLEDs, the main exciton
generation zone in most cases is at the interface between the emission layer (EML)
and one of the blocking layers, either electron or hole blocking layer depending on
the polarity of the predominant transporting properties of the EML. Therefore,
assuming lateral homogeneity of all layers and isotropic materials properties, the
steady-state exciton density profile in the vertical direction z of the stack is re-
duced exponentially with increasing distance from the exciton generation interface
[49], [87]:
nX(z) = n0 · exp (−z/LD), (3.66)
with the exciton diffusion length
LD =
√
Dτ, (3.67)
and the exciton density n0 at the generation interface. It has to be stressed that
Equation 3.66 holds only if the exciton generation zone really is at the interface and
is very thin compared to the diffusion length. Moreover, quenching mechanisms
are completely neglected which is an oversimplification, especially in case of triplet
excitons in non-phosphorescent materials. Bimolecular triplet-triplet annihilation
(TTA) yields a quenching rate [88, 89]
dnT
dt
= kTT · n2T , (3.68)
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Figure 3.8: Schematic OLED structure proposed in [49] to determine the triplet
exciton diffusion length of the ”spacer” layer, here Alq3.
with the TTA rate constant kTT . During the TTA process, one triplet is deacti-
vated into the ground state (T1 → S0), whereas the other triplet is either excited
further (T1 → T nm), or internally converted to a singlet (T1 → Snm). A rough
estimation of the steady-state triplet concentration in an OLED reads
nT (j) =
ν
ew
· τT · j, (3.69)
with ν the exciton formation probability, e the elementary charge, w the width of
the recombination zone, τT the triplet lifetime, and j the driving current density.
Non-phosphorescent materials have long triplet lifetimes (ranging from several
10 µs up to several s [90]) due to the fact that their radiative decay is spin-
forbidden. Therefore, TTA cannot be neglected, since already low current den-
sities yield high triplet densities, in contrast to layers containing phosphorescent
emitters like Ir(ppy)3 or PtOEP, where TTA induced OLED quantum efficiency
roll-off is observed only at high current density [88, 89].
In fact, TTA leads to a strongly reduced observed effective diffusion length,
e.g., in Alq3, Ld & 140 nm determined at low triplet concentration is reduced to
only 14 nm at high triplet concentration [89, 91].
A simple method considered to be suitable for determination of the (effective)
triplet diffusion length in organic layers is presented in [49]. An OLED is built as
shown in Figure 3.8. Excitons are generated at the α-NPD:Alq3 interface. While
singlets are ”filtered out” by the fluorescent dye DCM2, triplets can diffuse all the
way through the Alq3 spacer layer before they decay radiatively in the PtOEP
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doped layer. The intensity of the PtOEP emission is assumed proportional to
the triplet density. Therefore, by varying the spacer layer thickness, the effective
diffusion length can be estimated from Equation 3.66. However, additionally to
the already stressed simplifying assumptions, it is pointed out in [87] that the
results may also be influenced by the reduced (but still non-zero) diffusion length
in the PtOEP doped Alq3.
Other methods to determine the exciton diffusion length include photocurrent
response measurements [92], microscopic spatially resolved photoluminescence de-
tection [93], and surface quenching experiments [86].
In OLEDs, another quenching mechanism is present, i.e. exciton-polaron quench-
ing (XPQ). The XPQ rate is given by [89]
∂nX
∂t
= −kP ρC(j)
e
nX , (3.70)
with the XPQ rate constant kP and the charge carrier density ρC(j)/e.
4 Experimental and Materials
This chapter gives an overview of the used materials, basic OLED con-
cepts and measurements. Since all OLEDs prepared and investigated
in this work are based on the p-i-n concept, it is briefly reviewed in the
first section. The next section is a short outline of the basic options
how white light can be generated in OLEDs. Furthermore, the devel-
opment in white device physics in the past years is described. After
that, the phosphorescent and fluorescent emitter materials used are
briefly introduced. Finally, the last section discusses sample prepara-
tion, measurement and the derivation of the device efficiency.
4.1 p-i-n OLEDs
As all OLEDs prepared in this work have electrically doped charge injection and
transport layers, an introduction to the p-i-n concept is given here. However,
though electrical doping is one of the major research activities of the IAPP [94],
it is not the focus of this work and the reader is in most cases referred to literature
for further details.
Small-molecule organic semiconductors can be electrically doped by coevapo-
ration with strong donors and acceptors, respectively. These either transfer an
electron to the LUMO (n-type doping) or remove an electron from the HOMO
to generate a free hole (p-type doping) [95]. Although this can be achieved with
strongly oxidizing gases like iodine (for p-doping) or Lithium (for n-doping), those
dopants are so small they easily diffuse through the amorphous organic layers, so
that devices show insufficient long-term stability. Therefore, a better approach
is to use larger aromatic molecules with strong π-electron donating or accepting
character [34, 96, 97].
A well studied model system is ZnPc doped with F4-TCNQ [34, 98]. The con-
ductivity rises superlinearly with the doping concentration (see Figure 4.1), which
can be explained within a percolation model by a combination of an increased free
charge carrier density and the filling of localized states of the disordered system
[99]. The conductivity is increased by several orders of magnitude as compared
to pure ZnPc (≈ 10−10 S cm−1), thus drastically reducing the electric field in a
doped layer which yields lower operating voltage.
Another useful effect is seen at the interface between a metal electrode and an
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Figure 4.1: Conductivity of F4-TCNQ doped ZnPc at different doping concentra-
tions. The dashed line represents a linear relationship between con-
ductivity and doping ratio. Obviously, the experimental data show a
superlinear relationship. Reprinted from [34].
electrically doped organic layer, e.g., between ITO and F4-TCNQ doped ZnPc as
shown in Figure 4.2 [98]. The HOMO in the bulk doped layer is only 0.23eV away
from the Fermi level, which is much closer than in the undoped layer (0.8 eV).
The band bending (≈ 0.9 eV) is stronger yielding a very thin space charge region
which can be tunneled through by holes injected from the ITO electrode. Thus,
similar to inorganic semiconductors, a Schottky contact is formed.
The doping effect with F4-TCNQ has been observed in a large number of
hole transport materials [95]. In particular, also wide-gap materials like TPD,
m-MTDATA and MeO-TPD can be doped, yielding a conductivity of typically
10−7 to 10−5 S cm−1.
Another molecular p-dopant is the proprietary material NDP2 from Novaled
AG, Dresden. The proprietary material NHT5 doped with NDP2 has a conduc-
tivity in the same range like F4-TCNQ doped MeO-TPD. OLEDs show identical
physical properties with either of these p-doped hole transport material systems at
room temperature. However, NHT5:NDP2 is morphologically more stable, which
yields higher operational stability of the devices at elevated temperatures.
Recently, also electron transport materials have been shown to be dopable with
strong donor molecules [100, 101] or cationic dyes [102, 103]. Novaled also pro-
vides a molecular n-dopant called NDN1, which is able to dope electron transport
materials with high LUMOs like they are used for OLEDs. In this work, the pro-
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Figure 4.2: Energy diagram for undoped (left) and F4-TCNQ doped (right) ZnPc
on ITO. Reprinted from [98].
prietary n-doped electron transport material system NET5:NDN1 from Novaled
AG, Dresden is used in some of the electron-only devices (see Sections 5.1 and
5.2), since it is more stable as compared to BPhen:Cs.
N-type doping of typical OLED electron transport materials is intrinsically more
difficult, since donors with very low electron affinity are required, which makes
them unstable against oxygen. Another possibility is the use of highly Li or Cs
doped electron transport materials like Alq3 or BPhen (ratio ≈ 1 : 1) [104].
In this work, coevaporated BPhen:Cs is used as electron transport layer and
F4-TCNQ doped MeO-TPD or NDP2 doped NHT5 as hole transport layer, where
the doping concentration is always chosen such that the layer conductivity is in the
range of ≈ 10−5 S cm−1. The p-i-n OLED concept has been successfully demon-
strated in highly efficient and stable devices [8, 9, 105, 106]. Besides lowering the
operating voltage, it also allows the transport layers to be several 100 nm thick,
without significant voltage drop. Thus, also rougher substrates can be used to
a certain extent without facing shortcuts. Moreover, the optical microcavity of
the OLED can be optimized for light outcoupling independent from the electrical
properties.
When using p- and n-doped charge transport layers, it is necessary to use ef-
ficient undoped electron- and hole-blocking layers (usually 10 nm thick) [95, 107,
108]. These help to confine the charge carriers within the emission layer which
leads to a self-balancing of electrons and holes and thus improves the quantum
efficiency. Moreover, the blocking layers should also have high singlet and triplet
energy in order to confine excitons within the emission layer. In this work, the
electron blocking layer is chosen from α-NPD, Spiro-TAD, or TAPC. The hole
blocking layer consists of either BPhen or TPBi. The molecular structures are
summarized in Figure 4.3 (see next page).
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Figure 4.3: Chemical structures of charge transport and blocking layer com-
pounds. (a) 2,2’,7,7’-tetrakis-(N,N-diphenylamino)-9,9’-spirobifluo-
ren; (b) N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine; (c) 1,1-Bis-
(4-methylphenyl)-aminophenyl)-cyclohexane; (d) N,N’-di(naphthalen-
1-yl)-N,N’-diphenyl-benzidine; (e) Bis-(2-methyl-8-quinolinolato)-
4-(phenyl-phenolato)-aluminium-(III) (f) 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane; (g) 4,7-diphenyl-1,10-phenanthroline.
4.2 White OLED Stacks
There is a rather large number of possibilities to generate white light with OLEDs.
This section gives a short overview of the most commonly used stacks and moti-
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vates the configuration chosen here, i.e., a single emission layer stack sandwiched
by electron and hole transport layers, which will be discussed in detail in Chapters
5 and 6.
The most straightforward way is to vertically or laterally stack independent
OLEDs with different emission colors that mix additively to white. Lateral stack-
ing is the easiest from a device physics point of view, since every pixel can be
optimized for its color in terms of efficiency, operational stability, and microcav-
ity. Moreover, every color can be addressed individually which can be used to
compensate differential aging, or to easily change the color of the light source.
However, it is also the technically most complicated way to generate white light.
The pixels have to be small enough such that they cannot be resolved separately
when looking into the light source. This requires structuring efforts which makes
production expensive. Alternatively, a light diffusor may be used, although this
might reduce the total efficiency of the device due to transmission losses. Any-
way, the efficiency of a lateral stack is lower in real devices compared to vertical
stacks. Since the lighting area has to be divided between the single colors, the
same luminance requires higher driving currents, which results in an efficiency
roll-off, especially in phosphorescent OLEDs. Furthermore, a certain amount of
area is needed for the structuring, as well as for electrical connections.
Vertical stacking of full OLEDs requires transparent electrodes or charge gener-
ation layers between the devices. These can consist of ITO, thin metal, or metal
oxide [109, 110], an organic p-n junction, or a highly conductive organic layer. If
the electrodes can be biased independently, each device can be addressed individ-
ually, which results in the same advantages as for the lateral stacks. Moreover,
vertical stacking increases the voltage, but reduces the current required for a cer-
tain luminance with the number of stacked devices. Under ideal conditions, the
operational lifetime of the whole device is increased, whereas the power efficiency
remains the same. Therefore, this concept has a high potential for industrial scale
OLED production, especially for lighting applications. However, one drawback is
certainly the large number of layers.
Most of the white OLEDs reported in literature comprise a single emission layer
stack sandwiched between electrodes and charge carrier transport layers. This is
not only the easiest way to fabricate an OLED, but also the most interesting one
in terms of device physics. Among the challenges to achieve high-efficiency white
light are the right choice of emitter materials, tuning of charge carrier balance,
adjusting the recombination zone, and mutual energy transfer.
The first white OLED by Kido et al. [4] had a single poly(N -vinylcarbazole)
emission layer doped with three fluorescent dyes. The molecular concentration
of each dye had to be carefully adjusted to balance Fo¨rster transfer and achieve
white emission [111]. Better control of sequential energy transfer is achieved with
separate emission layers [112, 113, 114, 106] and additional interlayers [115, 116].
Various phosphorescent dyes were used in white OLEDs to boost the efficiency,
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which requires additional care to be taken for energy transfer by triplet exciton
diffusion [7, 117, 118, 119, 120].
Recently, the combination of fluorescent and phosphorescent emitters in white
OLEDs has attracted much attention [13, 121, 122, 123]. Difficulties in finding
a stable deep blue phosphorescent emitter system make the combination of a
stable fluorescent blue emitter with phosphorescent red and green emitters an
attractive alternative to achieve white light. Moreover, it has been realized that
100% internal quantum efficiency in white OLEDs can as well be achieved with
fluorescent blue emitters, if singlet and triplet excitons are distributed in the right
way [12, 13]. Therefore, this work focusses on ways of realization of this idea which
will be discussed in detail in Chapters 5 and 6.
Besides the combination of different emitters, other physical effects typical for
organic compounds have been used to generate white light. The most important
ones are combined emission from two blue emitters and their exciplexes [124, 125],
blue fluorescence and down-conversion phosphorescence [126], and phosphorescent
excimers [127, 128, 129].
4.3 Emitter Materials
For the development of the white OLED concepts, five different emitting dyes are
used in this work. Three of them, i.e., the green emitting Ir(ppy)3, the yellow
emitting Ir(dhfpy)2(acac), and the orange emitting Ir(MDQ)2(acac) are phospho-
rescent Iridium complexes (see Figure 4.4). They are always diluted in suitable
wide-gap host materials which are chosen appropriately for their charge carrier
transport properties depending on the position within the OLED stack. Among
them, TCTA and TPBi are suitable for all three emitters, since their triplet en-
ergy is high enough, whereas α-NPD is only used as matrix for Ir(MDQ)2(acac).
Doping concentrations are always indicated in weight percent (wt%), or mass ratio
if not stated explicitly different.
The two fluorescent blue emitters (see Figure 4.4) used in this work differ in
their triplet exciton energy. The triplet energy of 4P-NPD (2.30eV) is higher than
that of Spiro-DPVBi (≤ 1.98 eV). Although the slightly larger gap of 4P-NPD
also contributes, the difference is mainly due to a smaller singlet-triplet splitting
in 4P-NPD. This smaller splitting is caused by a smaller overlap of HOMO and
LUMO wave functions (see Section 3.3), which can be shown by quantum-chemical
calculations of HOMO and LUMO of both materials. However, the calculation ef-
fort increases strongly with the number of atoms in the molecule, since the number
of orbitals to be taken into account for the calculation of configuration interac-
tions increases. Therefore, the qualitative difference is shown in the following by
calculations of the spatial distribution of HOMO and LUMO of two similar but
smaller molecules.
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Figure 4.4: Fluorescent and phosphorescent emitters and suitable matrix mate-
rials. (a) 4,4’,4”-tris(N-carbazolyl)-triphenylamine; (b) 2,2’,2”(1,3,5-
benzenetriyl) tris-(1-phenyl-1H-benzimidazole); (c) bis(2-(9,9-
dihexylfluorenyl)-1-pyridine)(acetylacetonate)iridium(III); (d)
Iridium(III)bis(2-methyldibenzo-[f,h]quinoxaline)(acetylacetonate);
(e) 2,2’,7,7’-tetrakis(2,2-diphenylvinyl)spiro-9,9’-bifluorene; (f)
fac-tris(2-phenylpyridine)iridium; (g) N,N’-di-1-naphthalenyl-N,N’-
diphenyl-[1,1’:4’,1”:4”,1”’-quaterphenyl]-4,4”’-diamine.
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Spiro-DPVBi is represented by DPVBi, which is a good replacement, since
Spiro-DPVBi consists of two DPVBi molecules, linked by a spiro-bifluorene unit.
Thus, the molecule gets more bulky which prevents crystallization, i.e., the glass-
transition temperature is higher. However, optoelectronic properties largely stay
the same, since the spiro linkage forces the two molecular halves into a perpendic-
ular arrangement which results in only weak interaction between them [130, 131].
4P-NPD is represented by α-NPD which has only two instead of four phenyl
rings in the middle chain. However, as will become clear from the calculations,
both, HOMO and LUMO are mostly situated at the end-groups. The middle
chain is strongly twisted, which breaks the extended π-electron system. Moreover,
optoelectronic properties are experimentally determined to be very similar for both
materials (see Section 6.1).
Calculations are carried out with help of the HyperChem1 software. The molec-
ular geometry is optimized by a force-field method, whereas the orbitals are calcu-
lated by the INDO2 method which has been successfully applied to π-conjugated
materials [132, 133].
In DPVBi, both, HOMO and LUMO are distributed mainly over the middle
chain (all results see Figure 4.5). Therefore, the overlap is high, and consequently
also the singlet-triplet splitting should be high, or, in other words, the triplet
energy is comparably low. From phosphorescence spectra of Spiro-DPVBi (see
Section 5.3), the triplet energy is derived to be T1 = 1.98 eV (∆ST = 0.73 eV).
On the other hand, in α-NPD, the HOMO is mainly located on the nitrogen
atoms, and partly on the adjacent phenyl rings of the middle chain, whereas
the LUMO is mainly located on the naphtalene groups3. This spatial separation
causes the overlap to be smaller, which should result in a smaller singlet-triplet
splitting. Indeed, the triplet energy is determined to be T1 = 2.25 eV (∆ST =
0.54 eV). Although this difference might appear small at first glance, it has a
large influence on exciton exchange probabilities with phosphorescent emitters in
the green (Ir(ppy)3: T1 = 2.4 eV) to red (Ir(MDQ)2(acac): T1 = 2.0 eV) spectral
region. Spiro-DPVBi strongly quenches their phosphorescence, whereas α-NPD
only partly quenches Ir(ppy)3 and is a very good host material for Ir(MDQ)2(acac).
The HOMO-LUMO overlap in α-NPD already appears quite low, however, ma-
terials with even smaller singlet-triplet splitting are known. In TCTA, ∆ST =
0.34 eV, however, S1 = 3.17 eV, i.e., the emission maximum is too far in the deep
blue (390 nm), such that the radiation luminous efficiacy is very low which makes
TCTA not suitable as emitter, especially not in white OLEDs.
1The Demo version of HyperChem 8.0.3 was available for download at www.hyper.com.
2INDO stands for ”Intermediate Negelection of Differential Overlap” and is a semi-empirical
Hartree-Fock Hamiltonian approach.
3These results are consistent with [133].
4.3 Emitter Materials 57
Figure 4.5: Calculated HOMO and LUMO distributions of DPVBi and α-NPD.
The large overlap in DPVBi causes a large singlet-triplet splitting,
whereas the smaller overlap in α-NPD results in a smaller splitting.
Since both compounds fluoresce in the blue spectral region, i.e., their
singlet exciton energies are similar, the larger splitting in DPVBi
means that its triplet exciton energy is lower than that of α-NPD.
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4.4 Sample Preparation and Measurement
All samples are prepared on cleaned ITO-coated glass (Thin Film Devices Inc.)
under high-vacuum conditions either in a cluster tool referred to as UFO2 from
BesTec or a single chamber tool from K. J. Lesker. Both systems operate with a
base pressure of about 10−8 mbar and have several thermal evaporation sources
for organic material and metals, such that samples are always prepared without
breaking the vacuum. The UFO2 is more flexible, since it has more sources
distributed in different chambers, which makes changes in the configuration more
easy. On the other hand, the Lesker tool can handle substrates of up to 15×15cm2
size and also provides a precise slit shadow mask. Therefore, it is used to produce
a series of 4 × 4 samples with systematic layer thickness wedges in one run for
high comparability. In the UFO2, measurement can also be done in vacuum,
whereas the Lesker samples are first encapsulated with an additional glass lid
under nitrogen atmosphere with an epoxy glue and measured at least 24 hours
later under ambient conditions. Figure 4.6 shows the schematic sample layout in
top and side view as well as a picture taken from a sample under operation.
Measurement is done with a Minolta CS100A luminance meter or a calibrated
Si photodiode-filter combination having a Vλ-like sensitivity, synchronized with a
Keithley SM2400 source-measure unit. From the luminance in forward direction
L and current density j, the current efficiency ηC can be directly calculated:
ηC =
L
j
[cd A−1]. (4.1)
The power efficiency ηP in forward direction can further be calculated from ηC
and the driving voltage V
ηP = ηC
fDπ
V
[lmW−1], (4.2)
where fD is a factor which depends on the light angular distribution I(θ, φ) within
the half-sphere in forward direction
fD =
1
πI0
∫ π/2
0
∫ +π
−π
I(θ, φ) sin θ dφdθ, (4.3)
where I0 is the light intensity in forward direction. The angular distribution of
bottom emitting OLEDs usually can be well assumed to be Lambertian, i.e.,
I(θ, φ) = I0 cos θ, (4.4)
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thus fD = 1. The quantum efficiency ηQ is also calculated from
ηQ = ηC
fDπe
KrEp,av
, (4.5)
where Ep,av is the photon energy, averaged over the whole emission spectrum, and
Kr is the radiation luminous efficiacy
Kr = 683
∫ 780 nm
380 nm
Φr(λ)V (λ)dλ∫
∞
0
Φr(λ)dλ
[lmW−1], (4.6)
with Φr [W ] the radiant flux, and V (λ) the spectral luminous efficiency of the
human eye (see Section 2.2).
Measurement in forward direction means collecting the light emitted vertically
through the semitransparent ITO anode and glass substrate. Light emission from
the edges of the substrate is not taken into account. For control measurements of
the forward direction characteristics within an integrating sphere, the edges are
covered by a mask. In an integrating sphere, the total light output is collected
which enables one to directly measure the power efficiency since the angular dis-
tribution of the light emission is irrelevant.
Because of the large difference in the refractive indices of glass (nglass = 1.5)
and air (nair = 1.5), total internal reflection leads to a large amount of light
being trapped within the substrate. However, after having travelled several times
through the organic stack and the ITO and being reflected at the cathode, this
light can eventually leave the substrate from the edges. The longer the travel
distance through the stack and the higher the number of reflections, the more
light is absorbed. Therefore, the amount of light which finally leaves the substrate
from the edges depends not only on the optical properties of every used organic
and inorganic material, but also on the sample geometry. In particular, the size
of the active area plays an important role. Intuitively, it is clear that the larger
the area the less light is coupled out from the substrate edges due to the longer
mean distance the light has to travel through the absorbing media and the higher
number of reflections at the cathode. For devices with small active areas of a
few mm2, a simple calculation by D’Andrade et al. taking into account only
absorption in the ITO layer yields a ratio of ηt/ηf = 0.43/0.19 = 2.3 of the total
power, i.e., emitted both in forward direction and from the substrate edges, versus
the power emitted only in forward direction [7]. Experimentally, they find a ratio
of ηt/ηf = 1.7 meaning that also absorption in the organic layers and the cathode
is significant.
The active area of the devices in this work is about 6.19 mm2 (see Fig. 4.6).
Therefore, the small active area approximation holds as well. The ratio of the total
power versus the power emitted in forward direction is derived experimentally by
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Figure 4.6: Geometric sample layout and a prepared sample under operation. Sil-
ver paste was just applied for demonstration purposes, not during the
measurements presented in this work.
comparing two different measurements of the power emitted from the device in an
integrating sphere. First, the device is measured without any covering which gives
the total power ηt. Next, the device is covered by a metal mask such that only the
active area is left open. This gives the power emitted in forward direction ηf . For
different devices, ratios ranging from ηt/ηf = 1.4 to 1.7 are found (see Chapters
5 and 6). The variation ofηt/ηf from sample to sample can be attributed to
variations in preparation conditions leading to differences in materials properties,
e.g., in the cathode reflectivity and roughness. Also different qualities of the
substrate edges may play a role since the samples are cut and broken manually
from a larger glass plate.
The emission spectrum of white OLEDs with separate emission layers for each
color may shift with increasing driving current due to changes in the position of
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the recombination zone, or emitter dependent quenching mechanisms. If this is
the case, the correct quantum efficiency can only be obtained from the current
efficiency with an emission spectrum recorded at the same current density.
5 Hybrid White OLEDs with an
Interlayer
In this chapter, the first concept for hybrid white OLEDs combining
fluorescent and phosphorescent emitters is presented. Spiro-DPVBi
is used as model fluorescent blue emitter with low triplet exciton en-
ergy. To avoid mutual exciton quenching, the fluorescent blue emitter
is spatially separated from the phosphorescent ones by a thin exciton
blocking interlayer. To still make exciton generation on both sides pos-
sible, the interlayer has to be ambipolar. This prerequisite is fulfilled
by a blend of hole transporting and electron transporting materials.
The influence of the mixing ratio in the blend on the charge carrier
mobility is investigated systematically in Section 5.2. Therefore, in the
first section, the determination of the mobility from the space-charge-
limited current region of single carrier devices is tested on layers of
single hole and electron transporting materials and compared to time-
of-flight results. To motivate the need for an interlayer, Section 5.3
deals with photoluminescence experiments on stacks of fluorescent and
phosphorescent emitter thin films. The last two sections are dedicated
to the application of the interlayer concept in OLEDs.
The combination of fluorescent and phosphorescent emitters in white OLEDs,
which is then called hybrid white, can be advantageous over pure fluorescent or
pure phosphorescent white OLEDs, as has already been discussed in Section 4.2.
While pure phosphorescent devices are able to show very high efficiency, especially
deep blue phosphorescent emitter systems still lack high long-term operational sta-
bility [10, 11]. On the other hand, pure fluorescent devices are able to show high
stability, even with deep blue emission. However, their quantum efficiency is lim-
ited due to intrinsical spin statistics (see Section 3.5). Therefore, especially the
combination of fluorescent blue and phosphorescent green and orange-red emitters
may result in a good compromise between the high efficiency of phosphorescent
emitter systems, and the high long-term stability of fluorescent blue emitter sys-
tems.
In order to provide high quality color rendering in lighting applications, the
emission spectrum of white OLEDs should span more or less the whole visible re-
gion, i.e., from 380 nm to 780 nm. Giving a simple example, this can be achieved
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Figure 5.1: Scheme of the interlayer concept for OLEDs. Left: Exciton energy
diagram. Here, a fluorescent blue emitter with a low triplet exciton
energy and a phosphorescent green emitter are combined. In particu-
lar, the indicated Dexter transfer must be suppressed by the interlayer,
since it is a loss path for excitons. Right: Orbital energy diagram. To
ensure exciton generation on both sides of the interlayer, it must be
able to transport both, electrons and holes, i.e., it must be ambipolar
and should provide low energy barriers for both charge carrier types.
This can be achieved by a blend layer of an electron transporting ma-
terial (ETM) and a hole transporting material (HTM).
by three organic dyes with emission spectra having a typical broadness of about
100 nm, with peaks at 450, 550, and 650 nm. However, this also means, that the
energetic distance between blue and green emitter in this example is only about
0.5eV. Further, if the blue emitter is fluorescent, and has a singlet-triplet splitting
larger than these 0.5 eV, then its triplet exciton energy is lower than that of a
phosphorescent green emitter, which means that it efficiently quenches the phos-
phorescence, if excitons are transferred to its triplet state. In reality, the energetic
distance between blue and green can be even smaller, as the most commonly used
phosphorescent green emitter Ir(ppy)3 has its high energy phosphorescence peak
at 510 nm.
Triplet excitons are transferred via diffusion and Dexter transfer (see Sections
3.7 and 3.4). Since Dexter transfer requires spatial overlap of the molecular or-
bitals of donor and acceptor, it can be suppressed by placing the emitters in sep-
arate emission layers and introducing an interlayer between them. This interlayer
should be able to confine the triplets within the green phosphorescent emission
layer, i.e., it should itself have a higher triplet energy than the phosphorescent
emitter. Simultaneously, it is advantageous if it also has a higher singlet energy
than the fluorescent blue emitter, such that it also confines the singlet excitons.
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By this, Fo¨rster transfer of singlets from the blue to the green emission layer is
reduced, which makes it is easier to achieve a balanced white emission (see Figure
5.1).
On the other hand, if exciton transfer between the separate emission layers
is suppressed, then exciton generation has to be ensured on both sides of the
interlayer in order to get contributions of all emitters. This means, that the
interlayer has to be able to transport both, electrons and holes, i.e., it must be
ambipolar. Moreover, the energy barriers for both charge carrier types must not
be too high.
Among the organic materials commonly used for OLEDs, many are known to be
able to transport both charge carrier types. However, the mobilities of electrons
and holes often differ by several orders of magnitude (e.g., Alq3, [143]). Moreover,
true ambipolar materials with reasonably high mobility of electrons and holes may
in an OLED still preferentially transport that charge carrier type, for which the
injection barrier from the adjacent layers is lower. An example for this case is
α-NPD which is widely used as hole transport and electron blocking layer, despite
the fact that its electron mobility has been reported to be even higher than its
hole mobility [144]. However, its LUMO level (−2.4eV, [66]) is just too high to be
reached by electrons within a typical OLED, whereas the HOMO level (−5.4 eV)
is more or less ideally situated.
Therefore, a material ideally suited as interlayer is not easy to find. However,
one possible solution is to blend two materials, one of which is able to transport
electrons, and one is able to transport holes. Each of them should provide low en-
ergy barriers towards the adjacent emission layers for the charge carrier type they
are supposed to transport (see Figure 5.1). Furthermore, both materials should
meet the requirements for exciton confinement stated above. Moreoever, this solu-
tion has the advantage, that the charge carrier balance between the two separated
emission layers can be adjusted by the mixing ratio in the blend interlayer.
First, to support a systematic investigation of this topic, a suitable experimental
method to determine the charge carrier mobility is established in the following
section. This method is then applied to blend layers of hole transporting and
electron transporting materials in Section 5.2. The observed mobility dependence
on the mixing ratio in the blend should directly influence the charge carrier balance
between two emission layers separated by the blend layer in OLEDs, which is
discussed in the two last Sections 5.4 and 5.5.
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5.1 Experimental Determination of the Charge
Carrier Mobility
The most commonly used experimental methods to determine the charge carrier
mobility of organic materials are time of flight (TOF), space-charge limited current
(SCLC), and field effect (FE) measurements. The latter is easily applicable to
materials which form Ohmic contacts to metals, however, it is also known to
generally yield mobilities higher by several orders of magnitude than TOF and
SCLC. This can be understood by the fact, that the injected current is flowing
only within a very thin region close to the insulator interface, thus causing charge
carrier densities which are much higher than they occur in the other two methods
[80]. The mobility dependence on the charge carrier density (see Section 3.6) is
then not negligible anymore. Since the charge carrier density in FE is also much
higher than occurring in OLEDs, this method is not applied within this work.
TOF is the most popular and effective method, especially in the field of polymers
[145, 146, 147, 148]. Though equally suitable for small molecules, it has the
disadvantage to be very materials consuming. Mainly, (i) the transit time τT of
the generated charge carriers must be higher than the RC time of the electrical
measurement circuit, and (ii) the laser light must be absorbed within the first 10%
of the organic layer thickness, which both often makes layers of several microns
necessary. Moreover, it is not always straightforward to adopt the measured TOF
parameters to OLEDs, as the experimental conditions are rather different. TOF
creates a priori non-equilibrium conditions, as the laser pulse creates a charge
carrier cloud at one end of the sample, which is then driven by the applied electric
field towards the other end. In contrast, for OLED operation, the steady-state
with constant flowing current is most interesting. Further, the charge cloud may
disperse during the sample crossing, which results in TOF signals difficult to
interpret. Also, the applicable electric field range is often limited, since at low
fields, the signal becomes too noisy and at high fields, the sample may break.
SCLC is the method which most closely resembles the real conditions in an
OLED. Current density and applied electric field are in the range where an OLED
operates. Also, the stacks can be prepared in the same way, i.e., on ITO-coated
substrates with similar layer thickness in vertical design. The latter fact must
not be underestimated, as the layer morphology and thus also properties like the
mobility may be influenced by the preparation conditions as well as the substrate
[149, 150, 151]. The preconditions for the mobility determination from the space
charge limited (SCL) regime of the current-voltage characteristics are
(i) currents by only one charge carrier type (single carrier devices, SCD) to
avoid recombination currents,
(ii) good, in the best case Ohmic injection to avoid influence of injection limited
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currents (ILC), and
(iii) sufficient layer thickness to enable the built-up of space-charges and to elim-
inate the influence of interface states [152].
The first two preconditions can be simultaneously fulfilled by sandwiching the
material of interest between electrically doped charge transport layers (see Section
4.1) of the same doping type, i.e., by p-i-p (hole-only) and n-i-n (electron-only)
devices, respectively, which allows to be almost independent of the electrode-
organic interfaces. Moreover, the built-in potential which is defined by the energy
difference between the quasi-Fermi levels within the doped layers vanishes, if the
same matrix material is used on both sides. This is advantageous over single
carrier devices with direct contacts between metal and intrinsic organic material.
There, the built-in potential should be determined by the work function difference
of the two electrodes [83, 153]. However, it can be strongly influenced by interface
effects like interface dipoles [154, 155], and interface states [152]. On the other
hand, one has to keep in mind that at high applied voltage, the doped organic
layers might also influence the current-voltage characteristics, if the electric field
within the doped layers is not negligible anymore.
The third precondition depends on the material of interest. In general, the
higher the mobility, the thicker the layer must be to enable the build-up of space-
charges and to suppress Ohmic conduction. The precondition is fulfilled if the
thickness scaling of the current-voltage curves agrees with one of the SCLC mod-
els (see Section 3.6), i.e., the derived mobility does not depend on the layer thick-
ness anymore. It turned out in practice that several hundreds of nanometers are
typically sufficient.
First, the SCLC method with electrically doped charge transport layers is tested
for pure α-NPD and compared with literature results. The device structure is
ITO (90nm) / Au (10nm) / NHT5:NDP2 (3wt%, 30nm) / α-NPD:NDP2
(2 : 1, 10nm) / α-NPD (200 or 300nm) / NHT5:NDP2 (3wt%, 30nm)
/ NDP2 (2 nm) / Au (60 nm).
Gold is used on both sides as electrode, the bottom ITO is just for contacting
reasons. The additional NDP2 dopant layer at the top electrode improves the
contact for both injection and extraction of holes, as it prevents the formation of
an insulating layer during evaporation of metal on NHT5 [156]. The corresponding
energy level scheme is proposed in Figure 5.2. In forward direction, i.e., ITO
biased positive, only a small hole injection barrier should exist, since the Fermi
level in α-NPD may not be as close to the HOMO upon doping as in NHT5,
whereas in backward direction, holes are facing a barrier between p-doped NHT5
and intrinsic α-NPD of about 0.4 eV corresponding to the HOMO offset, thus
preventing Ohmic injection.
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Figure 5.2: Schematic energy level diagram proposed for the p-i-p (hole only) de-
vice without applied bias. One of the advantages of this concept is
that there is no built-in potential if the same p-doped material is used
at both electrodes.
Figure 5.3: Current-voltage characteristics of the p-i-p device (see Fig. 5.2). The
additional p-doped α-NPD layer improves the current in forward di-
rection (ITO biased positive), meaning that it is closer to the space-
charge-limited case than the backward current.
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Figure 5.4: Forward current of the p-i-p device (i: α-NPD), and SCLC fit. The
thickness scaling is within the range expected for a field-dependent
mobility.
This can be clearly seen in Figure 5.3 which shows forward and backward current
characteristics of the device. The forward current is at same bias always higher
than the backward current, e.g., at 1.8 V about a factor of 100. As the SCLC
is the highest possible current an organic layer can carry, it is obvious that the
forward current must be closer to the SCL case and that the backward current is
reduced by the already mentioned hole injection barrier.
Therefore, the forward current-voltage curve is fitted in Figure 5.4 by applying
the Mott-Gurney law with Poole-Frenkel type, i.e., field-dependent mobility (see
Section 3.6). It is assumed that there is a significant field only within the intrinsic
α-NPD layer and that there is no built-in potential. The current-voltage curves
of both devices with 200 and 300 nm can be fitted assuming the same zero-field
mobility µ0 = 3.17 × 10−4 cm2 (Vs)−1 and field enhancement factor γ = 8 ×
10−4 (cm/V)0.5, meaning that the thickness scaling is correct and the applied
model of a Poole-Frenkel type mobility is suitable.
This is in agreement with TOF measurements [152, 157, 158]. The absolute
mobility value nicely agrees within the electric field range reported, as shown in
Figure 5.5. From Figure 5.4, it can be seen that the fit is good only at volt-
70 Hybrid White OLEDs with an Interlayer
Figure 5.5: Comparison of the α-NPD mobility determined by the SCLC method
with TOF results from literature.
ages higher than about 0.25 V. Below, the current is most likely lowered by the
mentioned small barrier between p-doped NHT5 and p-doped α-NPD. At very
low voltage, also leakage currents play a role, which again increase the current
compared to the SCLC. The energy barrier, being an interface effect, should be
less important for the thicker device, which is consistent with the measurement.
Many organic materials have HOMO levels lower than α-NPD, and therefore
can hardly be doped by F4-TCNQ or NDP2. Therefore, one can just replace the
intrinsic α-NPD layer in the device in Figure 5.2 by the material of interest and
has to consider the influence of the increased energy barrier. To show that the
SCLC method may still be applicable, at least to some extent, it is also tested
with a 400 nm intrinsic layer of 4P-NPD, which has a 0.2 eV lower HOMO than
α-NPD, according to cyclo-voltammetry measurements1. The resulting forward
current-voltage characteristics as well as the SCLC fit is shown in Figure 5.6. The
additional barrier shifts the voltage, from which on the SCLC fit is appropriate, to
about 0.5V. Below, the current is lowered by a larger amount than in the α-NPD
devices, corresponding to the larger barrier. However, in contrast to the α-NPD
1Performed by Martin Ammann, Novaled AG, Dresden
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Figure 5.6: Current-voltage characteristics of a p-i-p device (i: 4P-NPD). Up to
100 mA cm−2, the Mott-Gurney law with constant mobility applies.
The later observed slope increase cannot be described by a field de-
pendent mobility, but is more likely caused by a mobility dependent
on the charge carrier density. Finally, at too high current density, the
sample gets damaged.
devices, the SCLC fit nicely follows a Mott-Gurney law with field-independent
mobility up to about 5.4V and 100mA cm2, suggesting a constant hole moblity of
µ0 = 6.59×10−4 cm2 (Vs)−1 in this region. The sudden increase of the slope above
cannot be fitted assuming a Poole-Frenkel type mobility. One possibility could be
a thermally activated mobility due to significant self-heating by the fairly large
current density. This can certainly explain the decrease in current density after
a maximum of about 1.3 kA cm−2, as the device is simply destroyed. However,
Tanase et al. ([80]) report a similar behavior for P3HT and OC1C10-PPV and
attribute this to a charge carrier density dependent mobility (see Section 3.6). In
fact, if one derives the charge carrier density in the device according to [82], the
sudden increase of the slope occurs at a hole density of about 1016 cm−3, which
is the same order of magnitude where the mobility in OC1C10-PPV increases.
As discussed in Section 3.6, the charge carrier dependent mobility can also be
directly derived from the current-voltage characteristics. The result is shown in
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Figure 5.7: The charge carrier density dependent hole mobility in 4P-NPD can be
derived from the current-voltage characteristics according to [82]. The
onset of the mobility increase occurs at a current density also observed
in polymeric hole transporting materials.
Figure 5.7. A further proof of a charge carrier dependent mobility would be field-
effect measurements or electrical doping of 4P-NPD, as these naturally can provide
much higher charge carrier density without the need of high currents. However,
since the HOMO level of 4P-NPD is −5.7 eV, the injection barrier from the Au
contacts of a field effect transistor would neither be Ohmic anymore, nor can this
material be doped by the p-dopants available at this time.
Chu et al. also compare TOF and SCLC measurements on α-NPD [152]. To
improve the injection from ITO, they use thin buffer layers of C60. However,
they see interface effects in the hole-only devices with α-NPD layers up to 1 µm,
resulting in a thickness dependence of the derived mobility. In contrast, the above
presented results show that the use of electrically doped charge transport layers
provides a more reliable method to derive the hole mobility by the SCLC method.
The same method is applicable to derive the electron mobility, as will now be
discussed for electron only devices comprising intrinsic BAlq2. The stack is as
follows:
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Figure 5.8: The current-voltage characteristics of a n-i-n device (i: BAlq2) is sym-
metric in forward and backward direction, meaning that effects at both
electrode-organic interfaces play only a minor role.
ITO (90nm) / Al (10nm) / NET5:NDN1 (8wt%, 30nm) / BAlq2 (200
or 300 nm) / NET5:NDN1 (8wt%, 30 nm) / Al (100 nm).
Being a completely symmetric device, its current-voltage characteristics should
be symmetric as well. This is indeed found to be the case, as can be seen from
Figure 5.8, indicating negligible influence of the metal-organic interfaces. For
SCLC fitting, again, the forward current is used.
Both current-voltage characteristics can be fitted simultaneously by a Mott-
Gurney law assuming a zero-field mobility of µ0 = 3.08 × 10−7 cm2 (Vs)−1 and a
field enhancement factor γ = 6 × 10−3 (cm/V)0.5 (see Figure 5.9). However, for
low voltages up to about 2 V, there are larger deviations than those observed for
the α-NPD devices, which cannot simply be explained by larger injection barriers.
The fact that below 2V, the experimental data of the 200nm device lie above the
calculation, while those of the 300 nm device lie below rather indicates a larger
thickness scaling in this region. Increased thickness scaling can have two origins
(see Section 3.6). First, in the presence of traps, the trap-filled limited current
(TFLC) scales with V r+1/L2r+1 (see Equation 3.57), where r can be directly
derived from the slope of the current-voltage curve in a log-log plot, in this case r =
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Figure 5.9: The forward current of the n-i-n device (i: BAlq2) is space-charge
limited. A strongly field dependent mobility or intrinsic electron traps
have to be assumed to fit the experimental data, of which the trap
controlled current fit better reproduces the thickness scaling.
2.36. Indeed, this correctly resembles the thickness scaling above 1V. The derived
trap concentration, assuming the same zero-field mobility as for the Poole-Frenkel
type SCLC fit, yieldsNt = 3.24×1017cm−3, which is a reasonable value. Moreover,
the TFLC fit is more consistent over a large range of the current-voltage plot with
the experimental data of the 300 nm than with the 200 nm device data, while the
SCLC fit with Poole-Frenkel type mobility is more consistent with the data of the
200 nm device. This is a hint that both the electron mobility in BAlq2 is field
dependent and there are traps in the material. The field dependence dominates
the current-voltage characteristics at the higher fields within the thinner device,
while the thicker device characteristics are still dominated by traps.
The second possible origin is a charge carrier density dependence of the mo-
bility, which results in the same V r+1/L2r+1 scaling. However, a fit according to
Equation 3.64 is less consistent with the experimental data than the Poole-Frenkel
type mobility SCLC fit. Furthermore, the mobility dependence on charge carrier
density should be relevant only at much larger current density. Therefore, this
origin is considered to play only a minor role.
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Figure 5.10: Comparison of the field dependent mobility of BAlq2 derived by the
SCLC method with TOF measurements.
All in all, the deviation is most likely explained by the superposition of a Poole-
Frenkel type mobility and traps present in the material. However, to be able to
compare absolute mobility values later on (see Section 5.2), the BAlq2 electron
mobility is assumed to be Poole-Frenkel type, always keeping in mind that traps
are possibly present. In fact, this assumption is in agreement with TOF measure-
ments2, which yield a very similar absolute mobility and field dependence (see
Figure 5.10).
2Performed by Tung-Huei Ke at IAPP, TU Dresden
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5.2 Ambipolar Charge Carrier Transport in Organic
Blend Layers
The SCLC method to investigate the charge carrier mobility as established in the
previous section is now applied to blend layers of electron and hole transporting
organic materials. As a model system, blends of α-NPD and BAlq2 with different
mixing ratios are discussed. These can well be used as charge carrier balancing
but exciton blocking interlayers in hybrid white OLEDs comprising only orange or
longer wavelength phosphorescent emitters (see Section 5.4), since the triplet en-
ergies of both materials is high enough. However, when also green phosphorescent
emitters are used, materials with higher triplet energy have to be used (Section
5.5). Such materials, like TCTA and TPBi, usually also have large HOMO-LUMO
gaps, which means that at least for one charge carrier type, Ohmic injection can-
not be achieved in single-carrier devices with electrically doped charge transport
layers. Therefore, the current-voltage characteristics may be limited by injection
across high energy barriers.
Both electron and hole-only devices are investigated with mixing ratios 9 : 1,
1 : 1, and 1 : 93, having the same injection layers as the hole-only devices with pure
α-NPD and the electron-only devices with pure BAlq2, respectively, as discussed
in the previous section.
Figure 5.11 shows the forward current-voltage characteristics of the 200nm hole-
only devices. For comparison, also the pure α-NPD device of the previous section
is included. With increased BAlq2 content, one clearly sees a steady decrease
of current at constant voltage over several orders of magnitude. Moreover, the
general shape of the log-log plot changes. The pure α-NPD device and the one
with 10% BAlq2 have a line with constant slope of about 2.1, while the devices
with 1 : 1 and 1 : 9 mixing ratio have two distinct regions, the first at low voltage
having a slope 1, and, after a small transition region, the second at high voltage
having a slope 3.1.
α-NPD has a high hole mobility (see Section 5.1) and a higher HOMO level
than BAlq2. In fact, BAlq2, having a deep HOMO level of −6.1 eV, is commonly
used as hole blocking material in OLEDs. Therefore, it can be well assumed that
hole transport in the blend layers occurs mostly if not exclusively via the α-NPD
molecules to a large amount. Nevertheless, the presence of BAlq2 molecules in
the layer may still affect hole transport in several ways. First, they increase the
average intersite distance between the α-NPD molecules, which certainly reduces
the mobility according to the Ba¨ssler model. Second, the layer morphology is
changed, which consequently may change the degree of disorder. Therefore, traps
can be introduced or removed. These effects may depend also on the tendency
3A mixing ratio of A : B is from here on defined as containing A mass parts α-NPD and B
parts BAlq2.
5.2 Ambipolar Charge Carrier Transport in Organic Blend Layers 77
Figure 5.11: Current-voltage characteristics of hole only devices (p-i-p) comprising
α-NPD:BAlq2 blend layers with varying mixing ratio. Starting from
pure α-NPD, the mobility continuously decreases upon increasing
BAlq2 content, and traps are likely to be induced.
of the two materials to aggregate in the blend, i.e., to which extent they form
interpenetrating networks.
Based on these considerations, the four current-voltage characteristics may be
interpreted as follows. Pure α-NPD does not contain traps, and the Poole-Frenkel
type mobility (µ0 = 3.17 × 10−4 cm2 (Vs)−1) only has a weak field dependence
(γ = 8× 10−4 (cm/V)0.5, see Section 5.1). By introducing 10% of BAlq2, shallow
traps are formed and/or the intersite spacing is increased, which reduces the
effective mobility (see Equation 3.58) µ0 = 5.34 × 10−5 cm2 (Vs)−1 and increases
the field enhancement factor γ = 1.6× 10−3 (cm/V)0.5. In a 1 : 1 blend, the hole
current can still be described by a Mott-Gurney law assuming a field-dependent
mobility with µ0 = 1.437×10−7cm2 (Vs)−1 and γ = 5.8×10−3(cm/V)0.5. However,
a trap-controlled current (Equations 3.56 and 3.57) fits much better, as the typical
two distinct regions can already quite well be distinguished. Assuming the same
hole mobility as in pure α-NPD, the fit yields an equilibrium hole density in the
Ohmic region of 1.5× 10−11 cm−3, a trap distribution parameter Tt = 633 K, and
a trap density of Nt = 1.67 × 1019 cm−3. As already mentioned, BAlq2 may not
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α-NPD:BAlq2 trap density zero-field hole mobility field enhancement
blend Nt (cm
−3) µ0,h (cm
2 (Vs)−1) γ (cm/V)0.5)
pure α-NPD – 3.17× 10−4 8.0× 10−4
9 : 1 – 5.34× 10−5 1.6× 10−3
1 : 1 1.7× 1019 1.43× 10−7 5.8× 10−3
Table 5.1: Summary of α-NPD:BAlq2 mixed layer properties derived from TFLC
(Nt) fits and Poole-Frenkel type mobility SCLC (µ0,h, and γ) fits of the
current-voltage characteristics of hole-only devices.
only induce traps, but also change the disorder properties of the layer. Therefore,
the assumption of the hole mobility staying the same may not hold. However,
the derived parameters are within a reasonable range (see [75]). Finally, the 1 : 9
device is clearly trap-controlled, as the current is Ohmic up to 5V. However, since
the trap-filled limited regime is not reached within the measured voltage range,
the trap parameters cannot be derived.
Table 5.1 summarizes the parameters determined for the hole-only devices, both
with a Poole-Frenkel type mobility SCLC fit, as well as with a TFLC fit.
Discussing the four electron-only devices, with the pure BAlq2 device added
to the series, a more complex scenario has to be assumed to explain the experi-
mental findings. Starting from the pure BAlq2 device characteristics, the current
at constant voltage first decreases upon adding 10% of α-NPD (i.e., the 9 : 1
device4), analog to the hole-only device series. However, the 1 : 1 electron-only
device carries a current larger by more than one order of magnitude than the
device containing pure BAlq2. Finally, the 1 : 9 device carries by far the smallest
current.
Here, the situation is just inverse to the hole-only devices. The electron current
is carried mostly, if not exclusively, by the BAlq2 molecules in the layer, due
to the much higher LUMO level of α-NPD (about −1.9 eV) into which electrons
cannot easily be injected. However, as has been shown in Section 5.1, BAlq2 has a
quite strong field dependent mobility and already contains intrinsic traps. When
α-NPD is added, the same effects now may influence the electron transport as
already mentioned for the hole transport before. Additional traps will certainly
be introduced by increasing the structural disorder. However, the fact that the
current in the 1 : 1 device is larger than in the pure BAlq2 device suggests that
the intrinsic traps may as well be removed by changing the layer morphology,
or they may be filled by charge transfer from the α-NPD HOMO to the electron
trap level. Additional traps will decrease the current, while removed or filled traps
4For the electron-only devices, the definition is now vice versa, i.e., a mixing ratio of B : A
now means B mass parts of BAlq2 and A parts of α-NPD.
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Figure 5.12: Current-voltage characteristics of electron only devices (n-i-n) com-
prising α-NPD:BAlq2 blend layers with varying mixing ratio,
and TFLC fits. The current at constant voltage depends non-
continuously on the α-NPD content. This could be explained by
two concurrent effects, i.e., filling of intrinsic traps in BAlq2 and in-
duction of new traps.
increase the current. The trap removal or filling becomes predominant only at an
intermediate concentration of α-NPD of the order of 50%. Below, and above, the
negative effect of the introduced additional traps is predominant. Similar non-
continuous behavior has been reported for the time-of-flight mobility in blend
layers of α-NPD and Alq3 [159].
To check the consistency of this scenario, the four 300 nm devices are fitted
both with Poole-Frenkel type mobility SCLC and with TFLC, respectively. As
said already for the pure BAlq2 devices in Section 5.1, the 200nm devices generally
show less trap-controlled currents, so that the field dependence may be investi-
gated better with these, however, for better readability and comparability, only
the 300nm devices are presented, as they show the same trends as the 200nm de-
vices concerning the field dependent mobility, while their trap-controlled currents
are more pronounced.
Figure 5.12 shows the TFLC fits for all four devices. TFLC is characterized
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Figure 5.13: Current-voltage characteristics of electron only devices (n-i-n) com-
prising α-NPD:BAlq2 blend layers with varying mixing ratio, and
SCLC fits.The same devices as in Figure 5.12, fitted assuming SCLC
with field dependent mobility.
by a constant slope > 2 in the high-voltage regime, from which the parameter
r = Tt/T can directly be derived. However, since all slopes are very similar, and
r is a very sensitive parameter due to its appearance in several exponents (see
Equation 3.57), it is kept constant at r = 2.36. The mobility is assumed to be
the zero-field mobility of pure BAlq2, as it was done before in the hole-only series.
This leaves the trap concentration as the only fit parameter, which can directly be
used as a quantitative measure for the structural changes induced by the increased
α-NPD amount. The trap concentration (see Table 5.2) is directly correlated to
the amount of current flowing, yielding that the trap concentration is lower in the
1 : 1 blend, being only a third compared to the pure BAlq2 layer. However, the fit
is not always consistent with the experimental data. While the characteristics of
the pure BAlq2 and the 9 : 1 device can well described by TFLC, the 1 : 1 device
is only poorly fitted. In fact, this device does not seem to have a constant slope in
the high voltage region which is a strong hint to Poole-Frenkel type mobility. The
1 : 9 device is also not fitted well, however, it has a constant but different slope
r = 2.75 which is directly corresponding to a different trap distribution parameter
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BAlq2:α-NPD trap density zero-field hole mobility field enhancement
blend Nt (cm
−3) µ0,e (cm
2 (Vs)−1) γ (cm/V)0.5)
pure BAlq2 3.2× 1017 3.08× 10−7 6.0× 10−3
9 : 1 4.2× 1017 1.28× 10−7 6.3× 10−3
1 : 1 9.6× 1016 3.69× 10−6 6.6× 10−3
1 : 9 5.3× 1018 2.52× 10−10 6.8× 10−3
Table 5.2: Summary of BAlq2:α-NPD mixed layer properties derived from TFLC
(Nt) fits and Poole-Frenkel type mobility SCLC (µ0,h, and γ) fits of the
current-voltage characteristics of electron-only devices.
Tt. This can be easily understood, as it cannot be expected that the traps induced
by the large α-NPD content are of the same distribution as the intrinsic traps of
BAlq2.
Figure 5.13 shows the Poole-Frenkel type mobility SCLC fits for the four devices.
The pure BAlq2 device is not fitted well due to the presence of intrinsic traps, as
already discussed in Section 5.1. However, the fit becomes better for the 9 : 1
device and is very good for the 1 : 1 device, indicating that the mobility becomes
more Poole-Frenkel type. In the 9 : 1 blend, shallow traps are added, which do not
change the Poole-Frenkel character, but can be described by an reduced effective
mobility (see Table 5.2). In the 1 : 1 blend, the effective mobility is higher than in
pure BAlq2, which is either due to a lower trap density, or a further decrease of the
trap depth (see Equation 3.58). Finally, the 1 : 9 device is clearly not fitted well
by Poole-Frenkel type mobility SCLC due to strong trap-controlled characteristics
which is analog to the hole-only devices.
For direct comparison with the hole-only devices, Figure 5.14 shows the elec-
tron and hole mobilities at a constant electric field of 106 V cm−1, derived with
the SCLC method assuming no traps and a Poole-Frenkel type field dependent
mobility.
Summarizing, the current-voltage characteristics of single carrier devices with
blend layers of the hole transporting material α-NPD and the electron trans-
porting material BAlq2 with good (Ohmic) injection can be understood within
the theory of space-charge limited currents. The currents in the hole-only series
steadily decrease compared to pure α-NPD with increased amount of BAlq2 in the
blend due to an increasing number of induced traps. The electron-only currents
do not decrease in the same way, as the 1 : 1 blend has a higher current than
the pure BAlq2. This can be explained by the removal of intrinsic BAlq2 traps
upon admixture of α-NPD, which, on the other hand, simultaneously induces
traps again. These two competing effects yield the non-straightforward devel-
opment of the electron-only current within the series. Applying suitable models
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Figure 5.14: Electron and hole mobilities of α-NPD:BAlq2 blend layers with dif-
ferent mixing ratios at an electric field of 106V cm−1 derived with the
SCLC method assuming a Poole-Frenkel type mobility and no traps.
for field-dependent mobility as well as trap-filled limited currents, charge carrier
mobilities as well as trap densities can be derived. While the mobility values can
be regarded to be reliable, since the method could be confirmed by TOF mea-
surements (see Section 5.1), the trap density values have not yet been checked by
external measurements and must therefore be regarded as preliminary.
5.3 Exciton Transfer at the Interface between Two
Emission Layers
The white OLED stacks investigated in this work have the emission layers sand-
wiched between charge transport and blocking layers. At the interface between
two emission layers, exciton transfer may occur due to the two main energy trans-
fer mechanisms introduced in Section 3.4, i.e., Fo¨rster and Dexter transfer, re-
spectively. The two following sections are dealing with interlayers between two
emission layers to suppress unwanted exciton transfer by systematic OLED stud-
ies. However, in OLEDs, additional layers often have more than one effect. For
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Figure 5.15: Fluorescence and phosphorescence spectra of compounds investigated
in this section. From the high-energy peaks, the lowest excited singlet
and triplet states are derived.
instance, they might influence the charge carrier balance as well as the exciton gen-
eration and transfer paths, which may all have an influence on the device efficiency,
and cannot easily be distinguished. Therefore, this section attempts to exclusively
investigate the influence of a separating interlayer on the exciton transfer. This
is done by photoluminescence studies on thin-film stacks of the phosphorescent
emitter system TCTA:Ir(ppy)3 and the fluorescent emitter Spiro-DPVBi.
From single layer photoluminescence (see Figure 5.15), the exciton energy di-
agram shown in Figure 5.16 can be derived, assuming that the highest energy
peak of each photoluminescence spectrum corresponds to the S1,0 → S0,0 and the
T1,0 → S0,0 transitions, respectively. The fluorescence spectra are recorded on
continous-wave (cw) excitation with a Xenon lamp5, while the phosphorescence
spectra are recorded upon pulsed N2 laser excitation and delayed (2 ms) gated
detection6 [160]. The highest phosphorescence peak of Spiro-DPVBi is at 625nm,
5FluoroMax
6Perkin-Elmer
84 Hybrid White OLEDs with an Interlayer
Figure 5.16: Exciton energy diagram and energy transfer mechanisms possible in
photoluminescence (PL) and electroluminescence (EL).
the broad peak at higher energy is delayed fluorescence at the same position as
the cw fluorescence [161]. The fluorescence of Ir(ppy)3 is not detected due to fast
and efficient intersystem-crossing to the triplet state. Figure 5.16 shows the en-
ergy transfer paths each directed to the lower energy state. Thermally activated
back transfer may also occur, however, this is unlikely, due to the large energy
difference. Also indicated are energy transfer paths which only can occur during
electrical excitation in an OLED, but not upon photo-excitation. By electrical ex-
citation, one creates 25% singlets, but also 75% triplets due to spin-statistics (see
Section 3.5). In contrast, photo-excitation creates almost exclusively singlet exci-
tons, since the transition S0 → Tn requires a spin-flip, whereas photo-excitation
is spin conserving. Therefore, one can assume in the photoluminescence experi-
ments now described that triplets are only generated via intersystem crossing on
Ir(ppy)3, but neither on TCTA nor on Spiro-DPVBi.
First, the photoluminescence (PL) of a 50nm layer of a 1 : 4 Spiro-DPVBi:Ir(ppy)3
blend is compared to the PL of a 50 nm layer of pure Spiro-DPVBi and a 30 nm
layer of a 9 : 1 TCTA:Ir(ppy)3 blend. Although the absolute intensities are not
corrected for different layer thickness, the number of excited molecules, or the
absorbance at different wavelengths, the strong mutual quenching expected from
the energy diagram in Figure 5.16 is obvious from Figure 5.17: Contributions of
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Figure 5.17: Not normalized PL spectra of neat films of fluorescent
blue Spiro-DPVBi, phosphorescent TCTA:Ir(ppy)3 and a
Spiro-DPVBi:Ir(ppy)3 blend. Strong mutual quenching reduces
the intensity in the blend layer.
both emitters are observed in the mixture. However, the absolute intensity is
reduced by about two orders of magnitude as compared to the neat layer PL.
Singlets generated on Spiro-DPVBi are first Fo¨rster transferred to Ir(ppy)3, then
converted to triplets by intersystem crossing, which are finally transferred back to
Spiro-DPVBi by Dexter transfer. Since the radiative decay of the Spiro-DPVBi
triplet excited state is spin-forbidden, no luminance is observed at room tem-
perature. The strong reduction of PL intensity in the mixture indicates a high
efficiency of the loss path for luminescence just described.
Next, in the thin-film stacks shown in Figure 5.18, the energy transfer can
occur only at the shared interface of the two emitters, which should result in less
dramatic losses. To still make the effect detectable, the layer thickness is chosen to
be 5 nm. On each substrate, a reference layer of TCTA:Ir(ppy)3 is evaporated, to
which the PL intensity is always normalized. Excitation and detection are through
the substrate. It turns out that the excitation of the 3 nm TCTA interlayer itself
cannot be neglected, as it effectively enhances the luminescence detected from
the emitters by Fo¨rster transfer of its singlets to the adjacent layers. To also
quantitatively estimate this enhancement, two more thin-film stacks are prepared,
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Figure 5.18: Schematic sample structure and measurement setup for the photo-
luminescence experiments. The right half of each sample serves as
reference.
i.e.:
quartz / TCTA (3 nm) / Spiro-DPVBi (5 nm),
and
quartz / TCTA:Ir(ppy)3 (8wt%, 5 nm) / TCTA (5 nm).
The PL spectra of these stacks are shown in Figure 5.19. The Spiro-DPVBi
luminescence is enhanced by a factor of 3.72 when the TCTA layer is present on
top. The TCTA:Ir(ppy)3 luminescence is enhanced by the TCTA layer by a factor
of 1.49. Assuming that in the thin-film stacks in Figure 5.18, the additionally
generated singlets on TCTA are equally distributed to the green and the blue
emitter, only half of the enhancement just derived has to be taken into account
for each emitter.
In total, the corrected picture is shown in Figure 5.20. The TCTA inter-
layer indeed reduces both Fo¨rster and Dexter transfer at the interface between
Spiro-DPVBi and TCTA:Ir(ppy)3. The PL intensity of TCTA:Ir(ppy)3 is reduced
to 55%, if Spiro-DPVBi is in direct contact. By introducing the 3 nm TCTA
interlayer, the PL intensity is much less reduced, i.e., to 78%, which gives an en-
hancement factor of 1.42. This means that Dexter transfer is still not completely
suppressed, although the thickness should be sufficient: Dexter transfer requires
significant spatial overlap of the participating orbitals, which should be negligi-
ble at a distance of 3 nm (see Section 3.4). A possible reason for the incomplete
suppression might be the roughness of the substrate which creates regions where
the TCTA layer is not closed and therefore cannot effectively suppress Dexter
transfer.
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Figure 5.19: Photoluminescence spectra of thin films of TCTA:Ir(ppy)3 and
Spiro-DPVBi with and without an additional adjacent TCTA layer.
For both emitters, the TCTA layer enhances the PL intensity.
Figure 5.20: Photoluminescence spectra of samples with and without TCTA in-
terlayer between Spiro-DPVBi and TCTA:Ir(ppy)3. Left: measured
spectra. Right: After subtraction of the Spiro-DPVBi contribution.
The positive effect is visible, even if the enhancement effect shown in
Figure 5.19 is subtracted.
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For Spiro-DPVBi, the absolute reduction due to the presence of TCTA:Ir(ppy)3
cannot be derived, as there is no reference layer. However, the relative enhance-
ment factor by introduction of the Fo¨rster transfer suppressing TCTA interlayer
can be calculated to be 2.38. This is much higher than the enhancement of the
TCTA:Ir(ppy)3 luminescence. However, as mentioned before, the calculations are
based on the assumption that the additionally generated singlets are equally dis-
tributed to both emitters. If this is not true, but Spiro-DPVBi is receiving more
singlets than TCTA:Ir(ppy)3, this would yield a higher enhancement factor of
the TCTA:Ir(ppy)3 luminescence. The highest factor would result from the as-
sumption of no singlets being transferred to TCTA:Ir(ppy)3 at all. Then, the PL
intensity would be restored to 97% of its reference value (see Figure 5.20).
In conclusion, the positive effect of an interlayer between fluorescent blue and
phosphorescent green emitter layers could be shown in photoluminescence exper-
iments, thus only taking into account the suppression of unwanted Fo¨rster and
Dexter transfers. Although a reliable quantitative evaluation would require much
more detailed investigations of the exact energy transfer rates, the usefulness of
an interlayer can already qualitatively be shown here.
5.4 Application in two-color Hybrid OLEDs
As already mentioned in Section 5.2, the blends of α-NPD and BAlq2 can effi-
ciently block triplet excitons only for orange and red phosphorescent emitters, i.e.,
with a peak emission around 600 nm and higher, since their own triplet energy is
not high enough. The fluorescent blue emitter Spiro-DPVBi used in the following
series is rather deep blue in electroluminescence (EL) with a peak wavelength at
460nm and a CIE chromaticity of (0.15, 0.16). The phosphorescent orange emitter
Ir(MDQ)2(acac) doped into α-NPD (10%) has its emission peak at 610 nm and
a chromaticity of (0.61, 0.38). From the chromaticity diagram, it is immediately
clear that no white emission can be produced combining only these two emitters,
as the straight line connecting their chromaticity coordinates which represents all
possible colors lies far below the black-body curve in any region of the diagram.
Although there are fluorescent light blue emitter systems commercially available
which could result in a cold white emission if combined with Ir(MDQ)2(acac), it is
more reasonable to cover the missing part of the spectrum with a phosphorescent
green emitter in a three-color white device, both in terms of efficiency and color
rendering issues. This will be discussed in Section 5.5. The following study is to
basically understand two issues: first, the influence of an interlayer between a flu-
orescent and a phosphorescent emitter on the OLED characteristics, and second,
the correlation between the charge carrier mobilities of the blends presented in
Section 5.2 and the resulting charge carrier balance within the OLED.
The charge carrier balance within the emission layers (EML) of an OLED is
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Figure 5.21: Schematic overview of the HOMO and LUMO energies of the com-
pounds used in the two-color hybrid OLED (in correct stack order).
α-NPD:NDP2 is better suited than MeO-TPD:F4-TCNQ for the in-
vestigation of the influence of the interlayer on the charge carrier
balance, since it provides far better hole injection.
sensitive to several factors: i) differences in electron and hole mobility of the
transporting layers, ii) traps, and iii) differences in barrier heights for electrons
and holes on their way to the EMLs. If the balance is dominated too much by one
of these parameters outside the EML, then the influence of an interlayer within
the EML cannot be investigated conveniently. This is the case for the following
structure:
ITO (90nm) / MeO-TPD:F4-TCNQ (60nm, 4mol%) / α-NPD (10nm)
/ α-NPD:Ir(MDQ)2(acac) (20 nm, 5 wt%) / α-NPD:BAlq / Spiro-
DPVBi (20 nm) / BPhen (10 nm) / BPhen:Cs (30 nm) / Al (100 nm).
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EML: -NPD:Ir(MDQ) (acac)(20 nm, 5 wt%) / interlayer / Spiro-DPVBi (10 nm)a 2
Figure 5.22: Electroluminescence spectra of hybrid OLEDs with various blend in-
terlayers, measured at 1, 000 cd m−2. a) HTL: MeO-TPD:F4-TCNQ.
The electroluminescence spectra are largely Ir(MDQ)2(acac) domi-
nated, independent of the mixing ratio of the interlayer (exception:
pure α-NPD). b) HTL: α-NPD:NDP2. The influence of the inter-
layer blend is visible.
Figure 5.23: Compilation of mobilities in α-NPD:BAlq2 blend layers with different
mixing ratio (determination by the SCLC method, see Section 5.2).
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The 0.4 eV hole injection barrier between MeO-TPD (HOMO −5.1 eV) and
α-NPD (HOMO −5.5 eV) leads to a lack of holes which moves the recombi-
nation zone well into α-NPD:Ir(MDQ)2(acac) (see Figure 5.21), thus yielding a
great domination of orange emission already without an interlayer present. Con-
sequently, the mixing ratio of the α-NPD:BAlq2 blend does not significantly in-
fluence the charge carrier balance, as can be seen from Figure 5.22. Only an
interlayer consisting of pure α-NPD yields a large contribution of blue emission
to the EL spectrum; whenever the blend contains BAlq2, the spectrum is almost
completely orange.
Therefore, to avoid the large hole injection barrier, and to make the influence of
the interlayer on the charge carrier balance more visible, the hole transport layer
(HTL) is changed to α-NPD:NDP2 (6 wt%). From the energy level scheme (see
Figure 5.21), it is apparent that there is now no relevant barrier for holes any-
more up to the Spiro-DPVBi layer, while electrons still face a small (0.2eV) barrier
between BPhen and Spiro-DPVBi. Figure 5.22 shows that the sample without in-
terlayer now indeed has a much more balanced spectrum than with an MeO-TPD
HTL. In fact, a simple estimation assuming 25% internal quantum efficiency for
the fluorescent blue and 100% for the phosphorescent orange would closely corre-
spond to the peak ratio, i.e., 0.3 Spiro-DPVBi and 1.0 Ir(MDQ)2(acac), if exciton
generation was identical in both emission layers and no mutual energy transfer
occurred. However, this very balance without interlayer is rather by chance, as it
is not to be expected that the Fo¨rster and Dexter transfer mechanisms occurring
at the interface between the two emission layers (see Section 5.3) and leading to
exciton transfer and quenching will not affect the total balance of excitons decay-
ing radiatively. In other words, as long as exciton quenching cannot be excluded,
it is not possible to quantitatively derive the internal charge carrier balance within
the EML from the EL spectrum. It can be seen from Figure 5.24 that the device
without interlayer indeed suffers from strong exciton quenching processes, as the
external quantum efficiency (EQE) is below 2%, far too little for both emitters.
Moreover, the EQE starts to steadily decrease already at low current density, a
sign for significant losses of generated excitons.
The mixing ratio of the α-NPD:BAlq2 blend has an influence on many charac-
teristics of the devices with α-NPD HTL. Figure 5.22 shows the EL spectra for
5nm interlayers with varying mixing ratio. The 9 : 1 α-NPD:BAlq2 blend yields a
large amount of blue and only very little orange emission which is understandable
as the hole mobility within the interlayer is higher than the electron mobility by
many orders of magnitude, in particular at electric field strengths relevant for
OLED operation (see Figure 5.23). This moves the recombination zone of free
holes and free electrons to the cathode facing side of the interlayer, i.e., into the
Spiro-DPVBi layer. The opposite case, i.e., a 1 : 9 α-NPD:BAlq2 blend, yields
exclusively orange emission due to the recombination zone now being set at the
anode facing side of the interlayer. Between these two extremes, the EL spectrum
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HTL:
EML: -NPD:Ir(MDQ) (acac)(20 nm, 5 wt%) / interlayer /
Spiro-DPVBi (10 nm)
a 2
a-NPD:NDP2
Figure 5.24: External quantum efficiencies of the two-color hybrid OLEDs (HTL:
p-doped α-NPD). Due to the large difference of the intrinsic quan-
tum efficiencies of fluorescent blue and phosphorescent orange emitter
systems, the combined quantum efficiency is dependent on the spec-
trum. Direct comparison makes only sense for similar spectra, e.g.,
no interlayer vs. α-NPD:BAlq2 (1 : 1).
continuously changes with the mixing ratio.
The balance between blue and orange emission reflects the amount of excitons
generated on each side of the interlayer which is directly determined by the amount
of electrons reaching the anode facing side, compared to the amount of holes
reaching the cathode facing side of the interlayer. Since the injection barriers
for both electrons and holes should not depend on the mixing ratio of the blend
interlayer, the mobility change (see Section 5.2) is most likely the reason for the
charge carrier balance change, as the experimentally observed trends can also be
consistently correlated.
A decreased amount of α-NPD reduces the ratio between hole and electron
mobility which yields less holes arriving at the cathode facing side compared
to the amount of electrons reaching the anode facing side. Consequently, the
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HTL:
EML: -NPD:Ir(MDQ) (acac)(20 nm, 5 wt%) / interlayer /
Spiro-DPVBi (10 nm)
a-NPD:NDP2
a 2
Figure 5.25: Current-voltage characteristics of some of the two-color hybrid
OLEDs (HTL: p-doped α-NPD). Increased BAlq2 amount yields
higher driving voltage due to reduced charge carrier mobility in the
interlayer and trap formation.
exciton generation balance is shifted, and the EL spectrum changes towards more
orange and less blue emission. From the interlayers investigated in Section 5.2,
the 1 : 1 blend has the most balanced ambipolar mobility, both in terms of zero-
field mobility as well as field enhancement (see Figure 5.23). This is reflected
also in the EL spectrum of the corresponding OLED, which has almost the same
ratio of orange to blue emission as the device without interlayer. As already
mentioned above, a 0.3 : 1.0 closely corresponds to the expected EL spectrum in
a hybrid OLED for a balanced exciton generation on both sides of the interlayer.
However, in this case, the conclusion is indeed more reasonable, as mutual exciton
transfer and quenching processes are largely suppressed by the interlayer. This is
confirmed by the EQE (see Figure 5.24) which is about 5.5%, i.e., much higher
than in the device without interlayer, despite having a similar EL spectrum.
Also, the EQE is dependent on the mixing ratio of the blend. However, this
is not due to differences in quenching and exciton transfer, but rather related to
the different EL spectra. Since the fluorescent blue can intrinsically have only
about 25% EL efficiency, whereas the phosphorescent orange can reach 100%,
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the EQE naturally is lower for devices with higher blue content. The current-
voltage characteristics (see Figure 5.25) are only slightly influenced by the mixing
ratio as long as there is a high content of α-NPD in the blend, thus keeping the
hole mobility high and consequently the voltage drop across a 5 nm layer low.
Compared to the device without interlayer, the driving voltage steadily increases
with lower amount of α-NPD in the blend, i.e., the driving voltage of the 1 : 1
blend device is increased by 0.1 eV. On the other hand, the device with a 1 : 9
α-NPD:BAlq2 has a much smaller slope and needs higher voltage for driving a
constant current density as compared to the other devices. In this interlayer, the
current is predominantly carried by electrons which have lower mobility and are
facing traps, as has been shown in Sections 3.6 and 5.2.
An important parameter for applications is the color stability of the OLED
which has several aspects, i.e., stability against current density or brightness
change, stability during operational lifetime, and not least stabiliy against vari-
ations in layer thickness. Operational stability is not investigated in this work,
but the other two issues are addressed in the following. As the interlayer is only
supposed to suppress exciton quenching, mainly by Dexter transfer, it is usually
sufficient to have a few nanometers thickness only. However, especially for high
throughput OLED manufacturing tools like roll-to-roll coaters, it may be difficult
to reliably produce such thin layers with high thickness accuracy. Therefore, the
device structure itself should be rather robust against thickness changes of the
interlayer in terms of EL spectral balance.
Figure 5.26 summarizes the EL spectra for the 9 : 1, 2 : 1, and 1 : 1 blend
devices with interlayer thickness varied from 2 to 10 nm. The 9 : 1 devices show
the largest spectral change. The device with 2 nm interlayer still shows a small
but well observable amount of orange in the spectrum, whereas the 2 nm device
contains only blue. The spectra of the devices with 2 : 1 blend already shift less,
the corresponding CIE chromaticity coordinates change from (0.29, 0.24) (2 nm)
to (0.28, 0.25) (10 nm). The smallest spectral change, however, is observed for
the devices with a 1 : 1 blend. The CIE coordinates change only slightly from
(0.476, 0.346) (2 nm) to (0.483, 0.350) (10 nm).
These observations may again be explained by an increase of the degree of
ambipolarity in the interlayers, together with an increased electron mobility. The
charge carrier mobilities in the 9 : 1 blend are least balanced, and the electron
mobility is lowest, which yields a large decrease of the amount of electrons reaching
the anode facing side with increased interlayer thickness, while the amount of holes
reaching the cathode facing side is much less affected. The degree of ambipolarity
increases with the amount of electron transporting BAlq2, and is highest in the
1 : 1 blend, which is consistent with the mobility determination from Section 5.2
(see Figure 5.23). Although also the 1 : 1 blend does not have perfect ambipolarity,
as the electron mobility is higher by about a factor of 20 than the hole mobility,
the EL spectra are remarkably stable.
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HTL:
EML: -NPD:Ir(MDQ) (acac)(20 nm, 5 wt%) / interlayer / Spiro-DPVBi (10 nm)
a-NPD:NDP2
a 2
Figure 5.26: Electroluminescence spectra of two-color hybrid OLEDs (HTL:
p-doped α-NPD) with different blend interlayers, measured at
1, 000 cd m−2. The degree of ambipolarity can be seen from the de-
pendence of the blue-orange balance on the interlayer thickness. The
(1 : 1) blend shows a spectral balance almost independent on the
interlayer thickness, as well as on the current density or luminance,
respectively.
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HTL: -NPD:NDP2
EML: -NPD:Ir(MDQ) (acac)(20 nm, 5 wt%) / interlayer / Spiro-DPVBi (10 nm)
a
a 2
Figure 5.27: Current-voltage-luminance characteristics (left) and external quan-
tum efficiency (right) of OLEDs with α-NPD:BAlq2 (1 : 1) interlayer
of different thickness compared to a device without interlayer. The
current-voltage characteristics is best without interlayer. However,
the efficiency is strongly enhanced with interlayer.
This may indicate that, as long as the charge carrier mobilities are not too low
and the difference is only in the range of one order of magnitude, the change in
charge carrier balance is negligible within the thickness range investigated. An-
other possible explanation would be that the already mentioned small electron
injection barrier at the interface between BPhen and Spiro-DPVBi may just com-
pensate the higher electron mobility of the blend. The color stability against
brightness is also shown for the 1 : 1 blend devices (see Figure 5.26). The refer-
ence device without interlayer shows a significant increase of blue emission when
the brightness is increased from 100 to 1, 000 cd m−2, resulting in a large CIE
coordinates shift from (0.528, 0.362) to (0.467, 0.339). This may be due to a com-
bination of a shift of the recombination zone and thus changes in the exciton
transfer and quenching paths. Among the devices with interlayer, only the 2 nm
device shows a similar, yet reduced color shift, indicating an insufficient exciton
transfer suppression, consistent with the external quantum efficiency not being re-
ally satisfying (see discussion below). On the other hand, the devices with 5 and
10 nm interlayer do not show an observable spectral shift within the investigated
brightness range anymore, also indicating well balanced exciton generation.
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Finally, the 1 : 1 blend devices are discussed in more detail in terms of current-
luminance-voltage characteristics and external quantum efficiency (see Figure
5.27). The driving voltage increases slightly with increasing interlayer thickness,
e.g., from 2.84V (no interlayer) to 3.07V (10V) at 5.5mA cm−2 due to the higher
voltage drop within this layer. However, the driving voltage for 1, 000 cd m−2
luminance does not increase correspondingly because of the higher efficiency of
the interlayer devices. In fact, 1, 000 cd m−2 is reached in the 5 nm device at only
3.06 V, compared to 3.19 V needed in the device without interlayer.
The EQE steadily increases with increased interlayer thickness, although there
is of course a saturation which seems to be reached with the 10 nm device. Also,
the shape of the EQE vs. current density plot changes from a steeply decreasing
to a more constant behaviour at low current density with a roll-off starting at
around 10 mA cm−2 due to beginning triplet-triplet annihilation. The fact that
the 2 nm device has a higher efficiency than the device without interlayer but still
the same steep decrease indicates the already mentioned insufficient suppression
of exciton quenching, i.e., 2 nm is already too thin. On the other hand, the 5 nm
as well as the 10 nm device reach an EQE above 5%, which is more than three
times higher than the EQE of the device without interlayer.
The actual maximum possible efficiency of a hybrid OLED comprising these
very two emitters is hard to determine, as it depends on many parameters. The
photoluminescence efficiency of each emitter as well as the optical extraction ef-
ficiency of the device structure may be determined independently from OLED
operation7. However, the influence of the interlayer on charge carrier balance and
suppression of exciton transfer cannot be separated within the OLED. In Section
5.3, an attempt was made to determine the exciton transfer suppression ability
independently from OLED operation by PL experiments, however, the results
can only qualitatively demonstrate the effect of an interlayer. Another possibility
would be an electro-optical simulation of the devices. However, electrical sim-
ulation tools available today are not yet reliable to the same extent as optical
simulation tools, as they require many more material parameters of which several
are unknown and can only be determined with large effort.
In conclusion, the interlayer concept is demonstrated in a two-color hybrid
OLED. It is shown that the interlayer can improve the efficiency and the color
stability with brightness. If a blend with good ambipolar properties is used, the
interlayer balances exciton generation evenly on its both sides, and its thickness
does almost not affect this balance, which consequently yields devices insensitive
to the interlayer thickness. The additional voltage drop within the interlayer can
be kept low, if the carrier mobility is reasonably high. In terms of power efficiency,
the resulting higher driving voltage is overcompensated by the gain in efficiency.
The observed dependence of the OLED characteristics on the mixing ratio are
7The PL efficiency of the thin films can be determined experimentally, while the extraction
efficiency would have to be calculated from thin-film optical simulations.
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consistently explained with the corresponding changes in charge carrier mobility
and the degree of ambipolarity.
5.5 Application in three-color Hybrid White OLEDs
The interlayer concept for spatial separation of fluorescent and phosphorescent
emitters established in the previous section is now applied to three-color white
OLEDs. Additional to the already introduced fluorescent blue Spiro-DPVBi
and phosphorescent orange Ir(MDQ)2(acac), the phosphorescent green emitter
Ir(ppy)3 is used to cover the missing part of the spectrum.
The simplest way to extend the emission layer stack is to place Ir(MDQ)2(acac)
and Ir(ppy)3 at the same side of the interlayer, being the anode facing side.
This choice is mainly determined by the finding that Ir(MDQ)2(acac) is very
efficient in hole transporting hosts like CBP [162] and α-NPD (see Section 5.4).
To still let holes reach the Spiro-DPVBi layer, the matrix for Ir(ppy)3 has to be
also hole transporting or ambipolar. Here, ambipolar, but preferentially hole-
transporting TCTA is used. It turns out that TCTA:Ir(ppy)3 has to be placed
next to the interlayer to get green emission at all. If the order is switched, i.e.,
α-NPD:Ir(MDQ)2(acac) is placed next to the interlayer, exclusively orange emis-
sion is observed from this side of the interlayer. This is understood by the fact
that TCTA:Ir(ppy)3 has a very narrow exciton recombination zone (2nm) next to
its cathode facing interface [8, 88]. If the orange phosphor is placed at this inter-
face, efficient exciton transfer towards its lower energy triplet state takes place,
and no green emission is observed.
Ir(ppy)3 next to the interlayer requires a different interlayer material combina-
tion than used in the previous section. Both α-NPD (T1 = 2.29 eV [139]) and
BAlq2 (T1 < 2.4 eV
8) have too low triplet energies to act as exciton blockers for
Ir(ppy)3. On the contrary, they would efficiently quench its emission. A first
choice is TCTA, as it is proved to be able to suppress mutual exciton transfer be-
tween Ir(ppy)3 and Spiro-DPVBi (see Section 5.3) due to its high singlet as well
as triplet energy. Moreover, carbazole derivatives are known to have ambipolar
charge carrier transport properties [163]. The device structure to test TCTA as
interlayer is shown in Figure 5.28a).
8The triplet energy of BAlq2 is estimated to be lower than the triplet of Ir(ppy)3 due to
observed electroluminescence quenching.
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Figure 5.28: Schematic layer design of the OLEDs with interlayer. The layer vari-
ations investigated in this section are colored. a) Interlayer: Pure
TCTA. b) Interlayer: TCTA:TPBi blend.
Figure 5.29: Electroluminescence spectra of three-color OLEDs with a pure TCTA
interlayer, measured at 1, 000 cd m−2. The spectrum is not balanced
well, indicating that pure TCTA is not ambipolar enough to ensure
exciton generation on both sides.
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It has been shown in Section 5.4 that the degree of ambipolarity can be checked
by the interlayer thickness dependence of the electroluminescence (EL) spectrum.
Obviously from Figure 5.29, only few electrons pass the TCTA interlayer as com-
pared to the amount of holes, as even the 2 nm device shows predominantly blue
emission. Compared to the two-color hybrid OLED in the previous section, an ad-
ditional small electron barrier between Spiro-DPVBi (LUMO −2.8eV) and TCTA
(LUMO −2.7 eV) is expected. However, since the hole transport layer (HTL) is
now MeO-TPD (HOMO −5.1eV) instead of α-NPD (HOMO −5.5eV), also holes
are now facing a stepwise barrier of similar height as electrons do until they reach
the emission layer (EML). Therefore, most likely the degree of ambipolarity of
TCTA is not high enough, i.e., its electron mobility is too low compared to the
hole mobility, causing an unbalanced exciton generation.
The natural next step is to mix an electron transporting material with TCTA
to enhance the ambipolarity of the interlayer (see Section 5.2). The material of
choice here is TPBi, a well known electron transporting and hole blocking material
[164, 165]. Moreover, it has been successfully used as matrix material for Ir(ppy)3
indicating that its triplet energy is high enough for exciton blocking purposes [8].
The required higher triplet energy of TCTA and TPBi goes along with a higher en-
ergy gap and thus deeper lying HOMOs and LUMOs, respectively. This makes it
difficult to apply the space-charge limited current method presented in Section 5.1
to systematically investigate the charge carrier mobility in dependence of the mix-
ing ratio of the blend, since Ohmic contacts cannot be provided with the available
donor and acceptor dopants, respectively. Also, a systematic time-of-flight study
has not been done, not least because of high materials costs (especially TPBi)
which arise on preparation of layers several microns thick. Moreover, it turns out
that not only the interlayer determines the exciton recombination balance, but
also the second layer in the center of the emission stack, i.e., TCTA:Ir(ppy)3.
In the following discussion, the device stacks are always kept as similar as
possible, only changing one parameter, e.g., thickness or doping concentration
of one particular layer, to ensure maximum comparability. Thickness variations
are done only in the nanometer range which excludes optical effects on the EL
spectrum based on a different microcavity. The stack is shown in Figure 5.28b),
with the varied layer parameters, which will be discussed, marked red.
The Influence of the Interlayer Composition and Thickness
First, the mixing ratio and thickness of the TCTA:TPBi blend interlayer are
varied, to get an idea how it influences the exciton generation balance. From
this study one can estimate the degree of ambipolarity, as already mentioned.
Figure 5.30 shows a summary of EL spectra from which the following can be
derived. All investigated mixing ratios, i.e., 1 : 1, 2 : 1, and 4 : 1 TCTA:TPBi,
are slightly more hole transporting, with the ratio between hole and electron
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Figure 5.30: Electroluminescence spectra of three-color hybrid white OLEDs with
interlayer, measured at 1, 000 cd m−2. Left: Varying the interlayer
thickness. Right: Varying the interlayer mixing ratio. All shown
mixing ratios are not perfectly ambipolar. However, the mixing ratio
plays a smaller role for the charge carrier balance than in the two-
color hybrid OLED from the previous section. This is likely to be
due to larger charge carrier injection barriers on their way into the
emission layers.
mobility slightly increasing for increasing TCTA content. This is concluded from
the fact that EL spectra of devices with increased TCTA content show increased
blue emission meaning that more holes are reaching the cathode facing side of
the interlayer compared to the amount of electrons reaching the anode facing
side. Furthermore, the devices with 1 : 1 and 2 : 1 blends still show a slight
increase of blue emission when the interlayer thickness is increased. This means
that both blends are not behaving perfectly ambipolar but are rather more hole
transporting. Consequently, the amount of electrons reaching the anode facing
side is more reduced than the amount of holes reaching the cathode facing side
when the interlayer is thicker.
What can also be seen from Figure 5.30 is that an increased interlayer thick-
ness also reduces the amount of orange relative to green emission. Three paths
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for creation of orange emission are possible: The first is exciton transfer from
TCTA:Ir(ppy)3 to α-NPD:Ir(MDQ)2(acac) via triplet diffusion, the second is di-
rect exciton generation from recombination of free holes and electrons, and the
third is direct Fo¨rster transfer from Ir(ppy)3 to Ir(MDQ)2(acac). The latter may
be excluded due to the fact that the Fo¨rster radii of Ir-complexes are found to be
< 2 nm [166], which is much less than in typical fluorescent materials (∼ 10 nm).
Also the first path is unlikely, since triplet excitons are formed directly on the
Ir(ppy)3 molecules [8], and are trapped there, since the triplet energy of the sur-
rounding TCTA matrix is about 0.45 eV higher (see Section 5.3). Moreover, if
this generation path was the only one, the amount of orange emission would al-
ways correlate with the amount of green emission, which is not observed. In fact,
the reduction of orange emission with increased interlayer thickness can only be
explained by the second exciton generation path considering the fact that the
exciton recombination zone in TCTA:Ir(ppy)3 is only 2 nm thick and close to the
cathode facing interface [88]. This makes the amount of green emission largely
independent of the amount of injected electrons, as there is always an oversupply
of electrons close to the interface, whereas the orange emission strongly decreases
together with the decreasing electron density away from the interface due to the
low electron mobility. This conclusion will also be further confirmed in the follow-
ing, when the discussion comes to the EL spectrum dependence on the Ir(ppy)3
concentration.
The Influence of the TCTA:Ir(ppy)3 Composition and
Thickness
Of all layers in the three-color OLED stack, the TCTA:Ir(ppy)3 layer most strongly
influences the exciton generation balance due to its central position and largely
predominant hole transporting properties. Increased layer thickness increases
green emission, but strongly reduces orange emission (see Figure 5.31), whereas
blue emission is almost unchanged. This indicates the predominant hole trans-
porting properties of the layer.
Also, the Ir(ppy)3 concentration influences the charge carrier and exciton gener-
ation balance (see Figure 5.31). Increasing the Ir(ppy)3 concentration from 1wt%
to 8wt% reduces the blue part of the EL spectrum, meaning that hole transport is
hindered by the Ir(ppy)3 molecules. At first glance, this makes sense, as Ir(ppy)3
(HOMO −5.4 eV) forms hole traps in TCTA (HOMO −5.8 eV) [8]. However, at
8 wt%, percolation of the molecules may already provide a new hole transport
level in which holes are also easier injected. Actually, this phenomenon has been
shown in OLEDs [8] as well as hole-only devices [167] comprising Spiro-TAD at
the hole injecting side of the TCTA:Ir(ppy)3 layer. However, in the OLED stacks
presented here, α-NPD:Ir(MDQ)2(acac) is situated at the hole injecting side.
To see whether different hole injection layers (HIL) can influence the observed
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Figure 5.31: Electroluminescence spectra of three-color hybrid OLEDs, measured
at 1, 000 cd m−2. a) Depending on the TCTA:Ir(ppy)3 thickness. b)
Depending on the Ir(ppy)3 concentration.
hole current behavior in TCTA:Ir(ppy)3, and to find out whether the reduced blue
emission is really due to reduced hole current when the concentration is increased,
the following hole-only devices have been prepared and characterized:
ITO (90 nm) / NHT5:NDP2 (60 nm, 4 wt%) / Spiro-TAD or α-NPD
(10 nm) / TCTA:Ir(ppy)3 (50 nm, 0, 1, 3, or 8wt%) / NHT5:NDP2
(60 nm, 4 wt%) / Au (60 nm).
From these devices, the hole injecting properties of α-NPD and Spiro-TAD can
be compared in dependence of the Ir(ppy)3 concentration in TCTA.
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i: TCTA:Ir(ppy) (50 nm, 8 wt%)3
HIL
Figure 5.32: Current vs. electric field in hole-only devices with different hole-
injection layers (HIL). Left: Intrinsic layer: pure TCTA. The current
is higher with an α-NPD HIL, where the injection barrier is lower.
Right: Intrinsic layer: TCTA:Ir(ppy)3. Holes are partially trans-
ported via the Ir(ppy)3 HOMO, which now yields a higher current
with a Spiro-TAD HIL.
Figure 5.32 shows the influence of the two different HIL for pure TCTA and
8% Ir(ppy)3 doped TCTA. In the first case, hole transport must be over the
TCTA HOMO. Better hole injection from α-NPD yields higher hole currents than
in the Spiro-TAD containing device, due to the fact that α-NPD has a deeper
HOMO level than Spiro-TAD (see Figure 5.33).9 In the second case, at least
partial hole transport over the Ir(ppy)3 HOMO via hopping is the reason for
the reverted situation, i.e., now, the Spiro-TAD device carries higher current at
constant electric field than the α-NPD device.10
9This is reasonable, since TPD is found to have a 0.2 eV higher HOMO than α-NPD under
the same measurement conditions [168]. Spiro-TAD should have the same HOMO level as
TPD due to its very similar molecular structure: Spiro-TAD consists of two TAD units spiro-
linked by a bifluorene unit. The difference between TAD and TPD is just two methyl groups
which do not influence the energy levels significantly. Furthermore, the spiro-linkage results
in increased thermal stability, leaving other materials properties largely unaffected [169].
10Here, the electric field is taken as the average within the undoped organic layers, caused by
the external bias.
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Figure 5.33: Schematic overview of the HOMO energy levels for the hole-only de-
vices for investigating the influence of the Ir(ppy)3 concentration on
the hole transport properties of the TCTA:Ir(ppy)3 layer in combi-
nation with the adjacent injecting layer.
l
Figure 5.34: Current vs. electric field in hole-only devices with different hole-
injection layers (HIL), depending on the Ir(ppy)3 concentration. Left:
HIL: Spiro-TAD. Right: HIL: α-NPD. With increasing Ir(ppy)3
concentration, a transition from predominant hole transport via the
Ir(ppy)3 HOMO to hole transport via the TCTA HOMO can explain
the crossing of the current-voltage characteristics.
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However, after taking a closer look on the Ir(ppy)3 concentration dependence
(see Figure 5.34), the situation gets more complicated, and the scenario must be
further discussed. The devices comprising a Spiro-TAD hole injection layer show
increased current at constant electric field for increased Ir(ppy)3 concentration.
However, the curves seem to converge in the range of the maximum applied ex-
ternal electric field. On the other hand, the devices comprising α-NPD first show
increased current with increased Ir(ppy)3 concentration at low electric fields, i.e.,
up to 3.6 × 105 V cm−1. At that particular field, there is a crossing point of the
curves, and above, the trend is reverted, the device with pure TCTA now carrying
the highest current, and increased Ir(ppy)3 concentration now yields lower cur-
rents. This means that at low fields, the hole energy barrier at the α-NPD-TCTA
interface is too large, and it is more favorable to directly inject holes into the
Ir(ppy)3 HOMO. However, hopping transport via the diluted Ir(ppy)3 molecules
is difficult, i.e., the holes have a low effective mobility depending on the Ir(ppy)3
concentration [73]. The effective hole energy barrier at the interface is lowered
by the electric field due to an increased probability of thermally assisted jumps
[170], and a higher filling of the density of states (DOS) in the α-NPD layer by
the high accumulation of holes [171]. Therefore, at high fields, it becomes more
and more likely that holes can be injected directly into the TCTA HOMO. On
the TCTA matrix, the hole mobility is higher, as the average neighbor distance
is much lower than between the Ir(ppy)3 molecules. However, it is lowered by an
increased Ir(ppy)3 concentration, since those molecules are hole traps. Thus, the
crossing point at 3.6 × 105 V cm−1 distinguishes the region where hole transport
is predominantly via the Ir(ppy)3 molecules from the region where it is predom-
inantly via TCTA. Naturally, the position of the crossing point depends on the
initial height of the hole injection barrier. It is at higher fields for the Spiro-TAD
devices than for the α-NPD devices, since the initial hole injection barrier is
higher.
Adapting these findings to the three-color white OLEDs, the Ir(ppy)3 concen-
tration dependence of the EL spectrum can be explained as follows. The electric
field at the Spiro-TAD-TCTA:Ir(ppy)3 interface must be high enough to favor hole
injection into the TCTA HOMO. The hole current is then reduced with increasing
Ir(ppy)3 concentration, since Ir(ppy)3 forms hole traps. At 1, 000 cd m
−2, where
the EL spectra were taken, the average field11 in both devices (see Figure 5.31) is
about 3.5×105V cm−1 which is actually lower than the field at the crossing point
in the hole-only devices. However, the electric field is certainly not uniform both
in the hole-only devices as well as in the OLEDs, which makes a direct comparison
difficult. A better understanding could be achieved with the help of a numerical
simulation [170, 172]. However, especially the OLEDs have a very complicated
stack with many unknown parameters which makes the calculations unreliable.
11The built-in voltage (about 2 V) has to be subtracted from the driving voltage (3.7 V) first.
The intrinsic layer thickness is about 50 nm.
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Characterization of Two White Devices
Concerning the efficiency, the interlayer is even more crucial for suppression of
mutual exciton transfer in the three-color than in the two-color hybrid OLEDs.
This can be seen from Figure 5.35 where the external quantum efficiency of two
devices is compared, one with 3nm TCTA:TPBi (1 : 1) interlayer and one without.
For good comparability, the devices are chosen such that the EL spectra are very
similar, since the quantum efficiency may also change with different contributions
of each emitter due to differences in their quantum yields. The introduction of
an interlayer improves the quantum efficiency by a factor of 4. In particular at
low current density, there seem to be strong quenching mechanisms in the device
without interlayer. The quenching gets weaker with increasing current density,
maybe because of a shift a the exciton generation zone away from the interface,
thus causing an unusual rise in efficiency with increasing current.
nointerlayer
current density (mA cm )2
interlayer: TCTA:TPBi (3 nm, 1:1)
EML: -NPD:Ir(MDQ) (acac) (15 nm, 5 wt%) / TCTA:Ir(ppy)
(4 nm, 8 wt%) / interlayer / Spiro-DPVBi (5 nm)
a 2 3
EML: -NPD:Ir(MDQ) (acac) (20 nm, 10 wt%) / TCTA:Ir(ppy)
(5 nm, 8 wt%) / Spiro-DPVBi (20 nm)
a 2 3
Figure 5.35: Proof of principle of the interlayer concept in a three-color hybrid
OLED. A 3 nm interlayer improves the external quantum efficiency
by a factor of 4.
As already said, the EL spectrum and thus the color of the device depend
on the charge carrier balance which itself is sensitive to several parameters: i)
the TCTA:Ir(ppy)3 thickness, ii) the Ir(ppy)3 concentration, iii) the TCTA:TPBi
interlayer thickness, and iv) its mixing ratio. For a large-scale production in which
thickness and concentration can only be guaranteed within a certain range, devices
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Figure 5.36: Electroluminescence spectra (left) of two three-color hybrid white
OLEDs with chromaticity (right) close to the two most important
white points. Also shown are the spectra of the correlated reference
illuminants. The color rendering index of device E is lower because
of a more pronounced spectral hole in the yellow region as compared
to its reference illuminant D50.
with more robust behavior are preferred. On the other hand, high sensitivity of
the EL spectrum also means that a large variety of colors can be achieved just
by changing the right parameters. In the following last part of the section, two
devices are characterized which have chromaticity coordinates close to the two
most important white color points of the CIE 1931 chromaticity diagram, i.e.,
color point E (0.33, 0.33), and color point A (0.45, 0.41) (see also Section 2.5).
The relevant parameters of the two devices are given here; the basic layer struc-
ture, thickness and doping concentration is like in the devices presented before12:
device A: TCTA:Ir(ppy)3 (8%, 2.2 nm) / TCTA:TPBi (2 : 1, 2 nm),
12Chromaticity coordinates of device E (0.34, 0.32) are close to color point E, and coordinates
of device A (0.47, 0.42) are close to color point A.
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and
device E: TCTA:Ir(ppy)3 (1%, 2.0 nm) / TCTA:TPBi (2 : 1, 3 nm).
EL spectra measured at 100 and 1, 000 cd m−2 are shown in Figure 5.36. The
change within this technically relevant brightness region is only marginal, corre-
sponding to a color coordinates shift of (∆x,∆y) = (−0.004,−0.012) for device
E, and (∆x,∆y) = (−0.001,−0.013) for device A. At 1, 000 cd m−2, device A
has a color rendering index (CRI) of 85, chromaticity coordinates of (0.47, 0.42),
and a correlated color temperature (CCT) of 2623 K. Device E has a CRI of 65,
chromaticity coordinates of (0.34, 0.32), and a CCT of 5100 K, meaning that the
reference light source of choice is already a D illuminant, i.e., D50 (see Section
2.5). The reason for the lower CRI of device E is the apparent lack of sufficient
intensity in the green spectral region, compared to the D50 spectrum. Although
device A also lacks intensity in the deep red region as compared to its reference
light source, i.e., a 2623 K Planckian radiator, the CRI is still high, since the
spectral luminous efficiency of the human eye is already low there.
Device E, with the lower Ir(ppy)3 concentration, also shows higher currents at
constant voltage (see Figure 5.37) than device A above 2.8 V, consistent with
the previous discussion. However, one has to keep in mind that the thickness
of TCTA:Ir(ppy)3 and the interlayer are slightly different in the devices which
makes direct comparison difficult. The luminance-voltage characteristics of both
devices are similar, 100 cd m−2 are reached at 2.95 V by device A, and at 2.97 V
by device E. For 1, 000 cd m−2, both devices need 3.59 V. The current efficiency
(see Figure 5.37) is nearly stable for both devices up to 1, 000 cd m−2. At higher
luminance, increased triplet-triplet annihilation reduces the efficiency. Since in
device E almost 50% of the EL is from fluorescent blue, its roll-off is significantly
weaker than in device A. Efficiencies and color parameters at 1, 000 cd m−2 are
summarized in Table 5.3.
device E device A
chromaticity (0.34, 0.32) (0.47, 0.42)
CRI 65 85
CCT (K) 5110 2623
current efficiency (cd A−1) 8.1 15.7
quantum efficiency (%) 4.5 8.0
power efficiency (lmW−1) 7.1 13.7
Table 5.3: Summary of characteristics of the two white OLEDs at an illumination
relevant luminance of 1, 000 cd m−2.
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DeviceE) EML: -NPD:Ir(MDQ) (acac) (20 nm, 5 wt%) / TCTA:Ir(ppy)
(2 nm, 1 wt%) / TCTA:TPBi (3 nm, 2:1) / Spiro-DPVBi (20 nm)
a 2 3
Device A) EML: -NPD:Ir(MDQ) (acac) (20 nm, 5 wt%) / TCTA:Ir(ppy)
(2.2 nm, 8 wt%) / TCTA:TPBi (2 nm, 2:1) / Spiro-DPVBi (20 nm)
a 2 3
Figure 5.37: Current-voltage-luminance characteristics (top) and efficiencies (bot-
tom) of the two white OLEDs.
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To summarize, the interlayer concept can be applied also in three-color hybrid
OLEDs to improve the efficiency. Thickness and doping concentration of the two
central layers, i.e., the green EML TCTA:Ir(ppy)3 and the interlayer TCTA:TPBi,
turn out to be crucial for the charge carrier balance which in turn determines
the exciton generation balance and thus the EL spectrum of the device. By
carefully adjusting the critical parameters, two devices have been produced with
chromaticity coordinates close to the two most important white color points of
the CIE diagram, high color rendering indices, and reasonable efficiency.
6 Harvesting Triplet Excitons of
Fluorescent Blue Emitters in
Hybrid White OLEDs
This chapter introduces another concept for white light generation
with OLEDs comprising a fluorescent blue and phosphorescent green,
orange and yellow emitters. Other than in the previous chapter, the
triplet excitons of the fluorescent blue emitter can be harvested by
at least one of the phosphors due to its high triplet energy. This,
in principle, makes complete exciton harvesting possible. In order to
also achieve a balanced white spectrum, singlet and triplet excitons
have to be distributed appropriately. A key is to exploit the different
diffusion lengths of singlet and triplet excitons. The different sections
present the concept in detail and investigate different ways to achieve
an optimal exciton distribution.
It has already been discussed in Section 5.3 that the most crucial part to be
regarded in hybrid OLEDs are the exciton transfer mechanisms which can occur
at the interface between the phosphorescent and the fluorescent emission layers
(EML). In particular, Dexter transfer of triplet excitons from the phosphorescent
to the fluorescent emitter may be effective as strong luminescence quenching path.
However, this is only true if the triplet energy of the fluorescent emitter is lower
than the triplet energy of the neighboring phosphorescent emitter. In that case,
spatial separation by an exciton blocking layer has been shown to be suitable for
suppressing this loss mechanism. On the other hand, the situation may as well be
the other way round, i.e., the fluorescent emitter may have a higher triplet energy
than the phosphorescent emitter. This case has several advantages, all based on
the fact that now, Dexter transfer of triplets goes the opposite direction, i.e.,
from the fluorescent to the phosphorescent emitter (see Figure 6.1). First, there
is no phosphorescence quenching anymore which means that the exciton blocking
layer can in principle be omitted. Second, triplets in the fluorescent EML which
are originally lost, can be harvested for light emission if they are transferred
to the phosphorescent EML. In fact, this results in the possibility for complete
harvesting of electrically generated excitons despite the use of fluorescent emitters.
Especially if fluorescent blue and phosphorescent red and green is used, it is in
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Figure 6.1: Exciton energy diagram for a fluorescent blue and a phosphorescent
green or orange emitter. Two different scenarios are possible. a) The
fluorescent blue emitter has a lower triplet energy than the phospho-
rescent emitter. b) The fluorescent blue emitter has a higher triplet
energy. In this case, its triplet excitons can also be harvested for light
emission when transferred to the phosphorescent emitter.
theory even possible to simultaneously achieve complete exciton harvesting and a
white electroluminescence (EL) spectrum. For this, more or less every electrically
generated singlet, i.e., 25% of all excitons, has to be used for radiative decay on
the fluorescent blue emitter, whereas the triplets (75%) have to be distributed
to the orange and green phosphorescent emitters, as Sun et al. have proposed
recently [13]. The exact ratios depend, of course, on the spectral distribution of
each emitter and on the desired chromaticity.
Figure 6.2 illustrates how singlet and triplet excitons can be distributed to
the different emitters. The exciton generation zone is fixed at one interface of a
bulk fluorescent blue emitter. Both singlet and triplet excitons are generated and
diffuse within this layer. However, the triplets have a larger diffusion length than
the singlets due to their longer lifetime (see Section 3.7). Therefore, the layer
thickness can be chosen such that the majority of the singlets stays within the
layer and recombine radiatively, whereas triplets still reach the adjacent interface,
where they are Dexter transferred to the phosphorescent EML.
The application of this concept for white light generation is discussed in detail
in the following section. However, it will become clear that there are some dis-
advantages, if the triplet excitons have to diffuse through the whole fluorescent
blue EML. The steady-state triplet density becomes very high within the exciton
generation zone, which yields strong triplet-triplet annihilation (see Section 3.7),
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Figure 6.2: Scheme of the exciton distribution method in the triplet harvesting
concept for OLEDs. Here, both emission layers (EML) are hole trans-
porting, i.e., their hole mobility is high, and injection barriers for
holes are small, which fixes the exciton generation zone at the cath-
ode facing side of the fluorescent blue EML. If the layer thickness is
adjusted right, singlets stay within the blue EML recombining radia-
tively, whereas triplets still reach the phosphorescent EML due to their
larger diffusion length.
and, consequently, reduces the quantum efficiency. Direct doping of the phosphor
into the fluorescent blue emission layer at very low concentration improves the
situation (see Section 6.2). Finally, the last section investigates the way to single
emission layer hybrid white OLEDs.
6.1 Separate Fluorescent Blue and Phosphorescent
Orange Emitting Layers
In this section, the triplet-harvesting concept just presented is discussed in detail
for application in OLEDs. Here, we first discuss some properties of the fluorescent
blue emitter 4P-NPD, such as singlet and triplet energy, orbital energy levels, and
charge carrier mobility. Knowing these properties is important for the right use
of this emitter in the OLED stack.
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Figure 6.3: Absorption and photoluminescence spectra of 20 nm neat films of
α-NPD (dashed) and 4P-NPD (solid) on quartz. Both films are ex-
cited at 356 nm where the absorbance is identical. As a result, the
PL yield of 4P-NPD can be estimated to be a factor of 2.24 higher
than that of α-NPD. From the 77K phosphorescence spectrum (dash-
dotted) of 4P-NPD diluted in a polystyrene film, the triplet exciton
energy can be estimated to 2.29 eV.
Material Properties of 4P-NPD
The molecular structure of 4P-NPD (see Figure 4.4) is similar to the well known
α-NPD already presented before, the only difference being the center chain con-
sisting of four phenyl rings instead of two. Figure 6.3 shows the absorption and
fluorescence spectra of 20 nm neat films of 4P-NPD and α-NPD. As can be seen,
the two materials display similar properties. Absorption peaks appear at the same
wavelengths; only their relative intensity is different. However, the photolumines-
cence (PL) spectrum of 4P-NPD is more structured than that of α-NPD, as two
peaks at 426 nm and 450 nm can be distinguished. From the high energy peak,
the singlet energy can be derived as 2.91 eV. Also, the absolute intensity of the
4P-NPD PL is higher than that of α-NPD by a factor of 2.24 when excited at
356 nm, where both layers have the same absorbance. Therefore, considering the
fact that the PL yield of an organic material is independent of the excitation
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wavelength (as a consequence of Kasha’s rule, see Section 3.2), the PL yield can
be estimated to 92%, as compared to the known yield of 42% of α-NPD [173].
However, although the PL measurements are carried out carefully and under iden-
tical conditions as far as possible, the absolute quantum yield value should only
be considered as an estimation, since effects like slightly different excitation con-
ditions and thin-film optics can significantly influence the absolute collected light
intensity. Nevertheless, it is also known from the nP-TPD series (n = 4...6) that
the quantum yield increases with increasing number of phenyl rings in the central
chain [174].
As already described in Section 5.3, the triplet energy is derived from the high
energy peak at 539 nm, measured by gated phosphorescence of a 4P-NPD doped
polystyrene (2wt%) layer under liquid nitrogen (77K). Thus, the triplet energy is
about 2.3eV which is similar to that of α-NPD [139]. This is a first important fact
which determines the proper design of the EML stack, since the 4P-NPD triplet
energy is indeed higher than that of the phosphorescent emitter Ir(MDQ)2(acac)
(T1 = 2.0eV) already introduced in Section 5.4. However, it is not high enough to
also completely transfer its triplets to the green phosphorescent emitter Ir(ppy)3
(T1 = 2.4 eV).
Next, the energy levels of the 4P-NPD HOMO and LUMO are determined
by cyclic voltammetry measurements1. The first oxidation potential appears at
E1/2 = 0.51 V versus Fc/Fc
+, whereas the α-NPD oxidation potential under the
same conditions appears at 0.31 V. According to photoelectron spectroscopy, the
HOMO level of α-NPD is −5.5 eV [136]. Therefore, the HOMO level of 4P-NPD
can be assumed to be 0.2 eV lower, i.e., at −5.7 eV. The first reduction potential
of 4P-NPD appears at −2.77 V, giving a total electrochemical gap of 3.38 eV
and thus a LUMO level of −2.3 eV. Thus, holes are still well injected from, e.g.,
α-NPD, whereas electron injection is hardly possible from commonly used electron
transport materials.
Finally, the charge carrier transport properties are determined by application
of the SCLC method established in Section 5.1. As already discussed there (see
Figure 6.4), the current-voltage characteristics of a p-i-p hole-only device with
400nm intrinsic 4P-NPD can be described by a Mott-Gurney law with a constant
hole mobility of µ0,h = 6.6 × 10−4 cm2 (Vs)−1 at low bias and current density
(up to about 5.4 V and 100 mA cm2). A sudden increase of the slope at high
current density is attributed to increasing influence of the charge carrier density
dependence of the mobility. On the other hand, the current-voltage characteristics
1CV measurements have been carried out by Martin Ammann, Novaled AG, Dresden, in
Cl2CH2 or tetrahydrofuran (THF) as solvents with 0.1 M Bu4NPF6 as supporting elec-
trolyte. The working electrode was a polished Pt surface, as counter electrode served a Pt
wire and the internal reference electrode was a silver wire coated with AgCl. Ferrocene
was added after each experiment in order to reference the observed potentials versus the
reversible Fc/Fc+ redox couple.
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Figure 6.4: Current-voltage characteristics of p-i-p (i= 400 nm 4P-NPD) and n-
i-n (i= 100 nm 4P-NPD) devices, and calculated SCLC curves with
electron and hole mobility values derived.
of an n-i-n electron-only device with structure
ITO (90 nm) / BPhen:Cs (30 nm) / 4P-NPD (100 nm) / BPhen:Cs
(30 nm) / Al (100 nm)
can be described by a Mott-Gurney law with field dependent mobility (µ0,e =
3.6 × 10−8 cm2 (V s)−1, γ = 3.2 × 10−3(cm/V )0.5). Due to the high electron
injection barrier, the SCLC region starts only at 0.5 V, despite the much smaller
4P-NPD thickness in the electron-only device as compared to the hole-only device.
In conclusion, the energy levels, as well as the charge carrier mobility measure-
ments indicate that the recombination zone of free electrons and holes in 4P-NPD
will be located at its cathode facing interface, since first, the electron injection
barrier from common electron transport materials is higher than the hole injection
barrier from common hole transport materials, and second, the electron mobility
is lower than the hole mobility by more than four orders of magnitude.
The Influence of the 4P-NPD Thickness
Based on the collected properties of 4P-NPD, a reasonable device stack for white
light emission which also is able to harvest the triplet excitons of the fluorescent
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Figure 6.5: Schematic layer design of the triplet-harvesting OLEDs with sepa-
rate fluorescent blue and phosphorescent orange emission layers. The
4P-NPD layer thickness is varied in this section (marked red).
blue 4P-NPD is given in Figure 6.5 and will be discussed in detail in the following.2
The energy level scheme together with the singlet and triplet exciton energies
is given in Figure 6.6. Holes are easily injected and quickly transported through
the α-NPD:Ir(MDQ)2(acac) and 4P-NPD layers up to the 4P-NPD-TPBi:Ir(ppy)3
interface. Electrons are likewise easily injected and transported up to the same
interface. Therefore, it can be well assumed that the main free charge carrier
recombination and thus, the exciton generation zone is situated at this very inter-
face. Here, both singlet and triplet excitons are created with a ratio of 1 : 3 [49]
in the two adjacent layers, and are facing various possible transfer paths which
are described now.
In the TPBi:Ir(ppy)3 layer, all excitons created are transferred to triplets of the
green phosphor, which can decay radiatively, potentially without losses [8, 175].
Singlet excitons that are created in the 4P-NPD layer may either undergo a direct
radiative decay or be transferred via Fo¨rster transfer to the TPBi:Ir(ppy)3 layer.
Although this transfer is not a loss mechanism for light generation, but a process
leading to an increase in green emission, no blue emission required for white light
would be observed, if this transfer was complete. In fact, it is not complete, and
even not very efficient due to two reasons. First, the TPBi singlet energy (3.2 eV)
is higher than that of 4P-NPD (2.8 eV), therefore the spectral overlap between
2Although the effects discussed here have their origins mostly within the EML, the different
HTL and EBL materials used may also influence the overall charge carrier balance. How-
ever, direct comparison of absolute device properties is done only with devices having equal
structure and being produced under similar conditions. Nevertheless, the particular used
HTL and EBL materials are also always stated.
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Figure 6.6: Schematic representation of the HOMO and LUMO levels (solid lines)
of the materials used, and exciton (S0, S1, and T1) energy diagram of
the emitter layers, in the correct stack order from ITO anode (left)
to Al cathode (right). The main exciton generation zone is at the
4P-NPD-TPBi:Ir(ppy)3 interface. There, several energy transfer paths
(Fo¨rster and Dexter transfer) are possible (solid arrows). Triplet exci-
tons in 4P-NPD can also diffuse towards the α-NPD:Ir(MDQ)2(acac)
layer where they can still be harvested by orange phosphorescence.
absorption of TPBi and emission of 4P-NPD necessary for efficient Fo¨rster trans-
fer is negligible. On the contrary, the opposite Fo¨rster transfer direction, i.e.,
from TPBi to 4P-NPD is much more likely. Second, it has been shown [166] that
the Fo¨rster radii of Ir-based complexes like Ir(ppy)3 are well below 2 nm, thus
also in the range where direct contact between donor and acceptor molecules is
required, like in case of Dexter transfer. On the other hand, the radiative de-
cay of triplet excitons at the blue emitter, either created directly in the 4P-NPD
layer of transferred via Dexter transfer from TPBi:Ir(ppy)3, is a forbidden tran-
sition. However, since the triplet energy of 4P-NPD (2.3 eV) is higher than that
of the orange phosphor Ir(MDQ)2(acac) (2.0 eV) and triplet excitons have large
diffusion lengths due to their long lifetimes (see Section 3.7, in particular Equa-
tion 3.67), they may easily diffuse towards the adjacent α-NPD:Ir(MDQ)2(acac)
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layer where they can again decay radiatively. Overall, no exciton generated is
lost for light generation, owing to the various possible transfer mechanisms just
described. Most importantly, also the triplet excitons that are generated in the
blue fluorescent layer can be harvested. Certainly, other loss mechanisms, such
as triplet-triplet annihilation and quenching at polarons, cannot be excluded and
will be discussed later.
However, to get also a sufficient amount of blue emission required for white
light, the 4P-NPD layer must have a minimum thickness. This is to suppress
transfer of singlet excitons to the α-NPD:Ir(MDQ)2(acac) layer, either by direct
Fo¨rster transfer, or by diffusion and subsequent Fo¨rster or Dexter transfer. The
first mechanism is not very likely due to the small Fo¨rster radii of Ir-complexes, as
stated before for singlet transfer to TPBi:Ir(ppy)3. The second one is determined
by the singlet exciton diffusion length in 4P-NPD. However, that should be much
shorter than the triplet exciton diffusion length, due to the high fluorescence
quantum yield of 4P-NPD, i.e., 92% as estimated above, which goes along with
a short singlet lifetime and thus a short diffusion length. The typical singlet
diffusion length in organic layers is about 10 nm [176].
Figure 6.7 shows electroluminescence (EL) spectra of devices with the 4P-NPD
layer thickness varied from 10 to 20 nm, compared to a device without 4P-NPD,
i.e., direct contact between α-NPD:Ir(MDQ)2(acac) and TPBi:Ir(ppy)3. Since the
different spectra have been recorded under slightly different current flow through
the devices, they are each normalized to the particular driving current. The de-
vice without 4P-NPD shows largely predominant orange emission due to efficient
exciton transfer from TPBi:Ir(ppy)3 to α-NPD:Ir(MDQ)2(acac) at the interface.
The small amount of green emission points to a somewhat extended exciton re-
combination zone reaching several nm into the TPBi:Ir(ppy)3 layer, maybe due to
partial hole transport directly via the Ir(ppy)3 molecules (see Section 5.5). The
introduction of the 4P-NPD layer increases the amount of green emission, almost
independent of the 4P-NPD layer thickness. This is due to several reasons: From
the energy diagram in Figure 6.6, it can be seen that the triplet exciton energies
of 4P-NPD and Ir(ppy)3 are nearly resonant, that of 4P-NPD lying slightly lower.
Therefore, triplet excitons in the TPBi:Ir(ppy)3 layer are not blocked well by the
4P-NPD layer, although the quenching is not as efficient as in the case of the di-
rect contact to the α-NPD:Ir(MDQ)2(acac) layer. Therefore, the green emission
is enhanced. The independence of the 4P-NPD layer thickness further indicates
that there are no long-range exciton transfer mechanisms from TPBi:Ir(ppy)3 to
α-NPD:Ir(MDQ)2(acac).
On the other hand, increasing the 4P-NPD thickness yields an increasing amount
of blue emission from 4P-NPD and simultaneously a decreasing amount of orange
emission from α-NPD:Ir(MDQ)2(acac). The only generation path left for orange
emission is triplet diffusion from the exciton generation zone at the 4P-NPD-
TPBi:Ir(ppy)3 interface through the 4P-NPD layer. From the dependence of
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EML: -NPD:Ir(MDQ) (acac)(20 nm, 5 wt%) / 4P-NPD /
TPBi:Ir(ppy) (10 nm, 4 wt%)
a 2
3
Figure 6.7: Electroluminescence spectra of three OLEDs with varying 4P-NPD
layer thickness, compared to a device without 4P-NPD layer, measured
at 1, 000cd m−2. Light emission from all three EML is observed. HTL:
MeO-TPD:NDP2, EBL: α-NPD.
the absolute orange emission on the 4P-NPD layer thickness shown in Figure
6.8, one can estimate the effective triplet exciton diffusion length in 4P-NPD to
LD = 54 nm, according to the method proposed in Section 3.7. However, the
actual stack does not include a ”singlet exciton filter” layer. Therefore, especially
at low 4P-NPD thickness, the intensity of orange emission might also partially
be influenced by singlet diffusion, although the singlet diffusion length can be
assumed to be very short, as already said. Also, the measured 4P-NPD thick-
ness range might be too small for a good fit. Nevertheless, the derived effective
diffusion length is in a reasonable range [89, 91].
The increase of blue emission upon increasing 4P-NPD thickness may have sev-
eral reasons. First, singlet diffusion and transfer to the α-NPD:Ir(MDQ)2(acac)
layer is more strongly suppressed. Second, the charge carrier recombination zone
might be wider than assumed, due to significant electron transport within the
4P-NPD layer. However, this is in contradiction to the observed reduced emis-
sion from α-NPD:Ir(MDQ)2(acac) at increased 4P-NPD thickness. Another rea-
son which might play a role is singlet generation from triplet-triplet annihilation
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Figure 6.8: Electroluminescence intensity at 700nm, taken from the spectra in Fig
6.7, vs. the 4P-NPD thickness. According to [49], one can estimate
the triplet diffusion length in 4P-NPD as 54 nm.
(TTA) (see Section 3.7). The thicker the 4P-NPD layer gets, the less triplets
are transferred to the α-NPD:Ir(MDQ)2(acac) layer. Therefore, the mean triplet
density increases which yields increased TTA. In this bimolecular process, one
triplet exciton decays non-radiatively, whereas the second is excited to a higher
state. This may also include intersystem-crossing to a singlet state which effi-
ciently decays radiatively, generating blue fluorescence. This process is known
as delayed fluorescence and should result in blue emission with a radiative life-
time determined by the 4P-NPD triplet exciton lifetime, i.e., orders of magnitude
longer than the real fluorescence lifetime [161]. However, in time-resolved elec-
troluminescence experiments with ≈ 0.5 µs resolution, no such slowly decaying
component in the blue spectral region has been observed. Therefore, this effect
can be assumed to play only a minor role.
Characterization of a White Device
In the following, a device with 15 nm 4P-NPD is discussed in more detail, since
it shows the highest color rendering index (CRI), i.e., 85 at 1, 000 cd m−2, within
a series varying the 4P-NPD thickness. Figure 6.9 shows EL spectra at different
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Figure 6.9: Left: Electroluminescence spectra of a device with 15 nm 4P-NPD at
different current densities. Blue fluorescence increases over green and
orange, since it is not affected by triplet-triplet annihilation, which
mostly affects orange emission. Right: Corresponding chromaticity
diagram. At 1, 000 cd m−2, the chromaticity is close to the standard
illuminant A. HTL: NHT5:NDP2, EBL: α-NPD.
current density corresponding to a luminance from 100 to 10, 000 cd m−2. With
increasing current density, the amount of blue emission increases, whereas orange
emission decreases. Since the only generation path for orange emission starts
with triplets in 4P-NPD which have a high concentration already at low current
density, the resulting strong TTA also affects the intensity of orange emission.
On the other hand, the relative amount of blue fluorescence, being much less
affected by bimolecular quenching3, steadily increases, compared to both the or-
ange and green phosphorescence. Moreover, TTA may yield delayed fluorescence
which contributes to the increase of blue emission. Recombination zone shifting
which can always contribute to spectral changes cannot be excluded, however, it is
considered to play only a minor role, since it would cause a simultaneous increase
or decrease of blue and orange over green which is not observed.
3Singlet-singlet as well as singlet-triplet annihilation is negligible in OLEDs under conventional
operation conditions due to the short singlet exciton lifetime, i.e., in the ns range which yields
singlet exciton densities being orders of magnitude lower than triplet exciton densities.
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EML: -NPD:Ir(MDQ) (acac)(20 nm, 5 wt%) / 4P-NPD (15 nm) /
TPBi:Ir(ppy) (10 nm, 4 wt%)
a 2
3
Figure 6.10: Current-luminance-voltage characteristics, with luminance measured
in forward direction without outcoupling foil of a device with 15 nm
4P-NPD. HTL: NHT5:NDP2, EBL: α-NPD.
The current density- and luminance-voltage characteristics, respectively, are
shown in Figure 6.10. 1, 000 cd m−2 is reached at 3.46V and 4.12mA cm−2, which
yields a current efficiency of 24.3 cd A−1. The calculated quantum and power
efficiencies are shown in Figure 6.11. The flat device, i.e., without light extrac-
tion enhancement, achieves a maximum of 14.9% external quantum efficiency at
low current density (0.01 mA cm−2). However, it continuously decreases, e.g., to
10.4% at the illumination relevant brightness of 1, 000 cd m−2. This strong roll-off
is rather unusual in that it starts already at low current density. Also, the criti-
cal current density, defined as the point where the quantum efficiency is reduced
to half its initial value [89], i.e., about 25 mA cm−2, is rather low, as compared
to other OLEDs containing Ir-based phosphorescent emitters [89, 160]. This can
again be explained by the high triplet density in the 4P-NPD layer which results in
significant TTA already at low current density. This quenching process might not
only reduce the efficiency of orange light generation, but also of green light gener-
ation, as the highest triplet density is present right at the 4P-NPD-TPBi:Ir(ppy)3
interface, where TTA can as well occur between a 4P-NPD triplet and a TPBi or
Ir(ppy)3 triplet.
The power efficiency of the flat device in forward direction at 1, 000 cd m−2 is
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Figure 6.11: External quantum efficiency (left) and external power efficiency
(right) of the device with 15 nm 4P-NPD, measured in forward di-
rection, in forward direction with outcoupling foil applied, and in an
integrating sphere. HTL: NHT5:NDP2, EBL: α-NPD.
22.0 lmW−1 (10.4%) assuming Lambertian emission. A control measurement in
an integrating sphere where the device is covered with a mask leaving out only
the active area (see Section 4.4) yields 23.3 lmW−1 and color coordinates that are
only slightly shifted by (−0.01,+0.01). Such results indeed point to almost per-
fect Lambertian emission characteristics. By applying a microlens light extraction
enhancing foil (HR 592 from Optmate, Japan), the light emission in forward direc-
tion is significantly enhanced, resulting in 28.0 lmW−1 (12.9%) at 1, 000 cd m−2.
Again, the color coordinates are only slightly shifted by (−0.01,+0.01). These
measurements in forward direction provide the technically relevant efficiency since
lighting applications generally use large area OLEDs where the emission from the
edges and from the back of the device plays only a minor role or cannot be used at
all. However, another frequently reported parameter for white OLEDs is the total
external power efficiency measured in an integrating sphere without any covering
[13, 127]. This gives a rough estimation of the amount of light still trapped in the
substrate which potentially can be coupled out also in forward direction with so-
phisticated methods. However, one should keep in mind that the amount of light
emitted from the edges strongly depends on the sample geometry, the size of the
active area, and the sample preparation conditions (see more detailed discussion
in Section 4.4). Without covering, a total external power efficiency of 37.5lmW−1
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at 1, 000 cd m−2 (16.1%) is measured. However, it has to be pointed out that the
color coordinates shift significantly by (−0.04,+0.02), which means that mostly
green and blue light is gained. The optical microcavity of the device might be
favorable for the outcoupling of orange light emission in forward direction, which
would result in a smaller amount of orange light captured in the substrate modes.
Therefore, when light is also collected from the substrate edges, the total emission
spectrum would shift towards blue and green.
To summarize, a device structure for white OLEDs that is able to harvest also
the triplet excitons from the fluorescent blue emitter 4P-NPD has been presented.
By exploiting the unipolar properties of 4P-NPD, the exciton generation zone is
fixed at its cathode facing interface. The thickness is adjusted such that triplet
excitons may still diffuse through the layer and are harvested in the adjacent
α-NPD:Ir(MDQ)2(acac) layer for orange phosphorescence. The singlet excitons,
having a much shorter diffusion length, are used for direct blue fluorescence in
4P-NPD. Although high efficiency is reached at low current density, an unusual
strong roll-off is observed and attributed to strong triplet-triplet annihilation in
the 4P-NPD layer. The following sections further develop this triplet-harvesting
concept in order to reduce the efficiency roll-off.
6.2 Simultaneous Blue Fluorescence and Orange
Phosphorescence from one Emission Layer
The main reason for the strong efficiency roll-off of the devices from the previous
section is the large accumulation of triplet excitons at the 4P-NPD-TPBi:Ir(ppy)3
interface. Their direct decay is not efficient since radiative decay is spin-forbidden.
Their resulting long lifetime can on one hand be exploited to make them diffuse to
the adjacent phosphor containing emission layer, on the other hand, it also yields
a high concentration already at low current density which makes triplet-triplet
annihilation possible.
In this section, a way to reduce the triplet concentration is presented. The
orange phosphor Ir(MDQ)2(acac) which is supposed to harvest the triplet excitons
is doped directly into the 4P-NPD layer. To still get blue emission from direct
radiative singlet decay on 4P-NPD, the phosphor concentration has to be very low
to suppress singlet transfer from 4P-NPD to Ir(MDQ)2(acac) by Fo¨rster transfer
or diffusion.
From several experimental series, it turned out that the appropriate value is
about 0.1 to 0.2 wt%. As an example, Figure 6.12 shows the electroluminescence
spectrum of an OLED comprising an Ir(MDQ)2(acac) doped 4P-NPD emission
layer (0.11 w.%). The blue and orange part of the spectrum have about the same
intensity, almost independent of the current density. In terms of singlet-triplet
utilization, this means that roughly two of three triplet excitons are lost, assuming
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Figure 6.12: Left: External quantum efficiency of OLEDs with pure 4P-NPD and
Ir(MDQ)2(acac) doped 4P-NPD emission layers. Right: EL spectra
at different current density of the blue-orange OLED.
full singlet harvesting for blue radiation. From the 20% light outcoupling efficiency
estimation (see Section 3.5), one can therefore expect about 10% external quan-
tum efficiency in forward direction. This is indeed achieved at low current density.
However, the quantum efficiency has a maximum of about 14.8% at 5.6mA cm−2
which corresponds to a maximum of 4.6% in the quantum efficiency of the pure
4P-NPD emission layer OLED, compared to 3.3% at low current density. Al-
though, at least in the blue OLED, changes in the charge carrier balance yielding
the increase in efficiency cannot be excluded, singlet generation from triplet-triplet
annihilation could explain these observations.
The Influence of the Ir(MDQ)2(acac) Concentration
In the following, TPBi:Ir(ppy)3 is added to the emission layer stack in order to
achieve white light emission. From the blue-orange OLED just described, it is
clear that the Ir(MDQ)2(acac) concentration can be increased to improve the
triplet exciton harvesting without losing too much blue emission. Figure 6.13
shows electroluminescence spectra of three OLEDs (structure: see Figure 6.14).
The Ir(MDQ)2(acac) concentration is changed from 0.10 to 0.13 to 0.17 wt%.
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Figure 6.13: Electroluminescence spectra of OLEDs with varying Ir(MDQ)2(acac)
concentration in 4P-NPD (indicated in wt%). Exciton transfer at the
interface between the two emission layers yield dominating orange
emission. Arrows indicate increasing current density.
Figure 6.14: Schematic layer design of the triplet-harvesting OLEDs with a blend
layer of fluorescent blue and phosphorescent orange emitters. The
Ir(MDQ)2(acac) concentration is varied from 0.10 to 0.13 to 0.17wt%
(marked red).
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Figure 6.15: External quantum efficiency of OLEDs with Ir(MDQ)2(acac) directly
doped into 4P-NPD. No unusual efficiency roll-off at low current
density is observed. The roll-off onset as well as the critical current
density are within the range typical for Ir(ppy)3 containing OLEDs.
When comparing the spectrum of the OLED with the lowest Ir(MDQ)2(acac)
concentration to the spectrum of the blue-orange OLED shown above, it can be
seen that the 4P-NPD fluorescence is now more quenched by the adjacent Ir(ppy)3
containing layer than by the Ir(MDQ)2(acac) within the layer itself, since the
Ir(ppy)3 concentration is by about a factor of 40 higher than the Ir(MDQ)2(acac)
concentration.
The absolute intensity of the blue emission is only marginally affected by an in-
creasing Ir(MDQ)2(acac) concentration. On the other hand, the green emission is
significantly reduced when the Ir(MDQ)2(acac) concentration is increased, which
is because of efficient triplet exciton transfer from TPBi:Ir(ppy)3 to 4P-NPD:
Ir(MDQ)2(acac).
In total, the Ir(MDQ)2(acac) triplet, being the lowest energy exciton state, is
predominantly populated by the various exciton transfer paths due to the strong
confinement of the exciton recombination zone at the interface between the two
emission layers. Therefore, all OLED spectra are not balanced well enough to
reach the white region at the reference luminance of 1, 000 cd m−2, as the orange
dominates too much. Only at very high luminance, where orange and green
emission are reduced due to triplet-triplet annihilation as compared to blue, the
spectra get more balanced.
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From Figure 6.15, it can be seen that the efficiency does not show any un-
usual roll-off below about 3mA cm−2 which corresponds to luminances well above
1, 000 cd m−2. In fact, the highest doped sample reaches 20% external quantum
efficiency measured in forward direction which, as mentioned above, corresponds
to an internal quantum efficiency of unity. The roll-off at higher current density
can be attributed to triplet-triplet annihilation, like it is always observed in phos-
phorescent OLEDs. Also, the critical current density jC ≈ 70 mA cm−2, where
the quantum efficiency drops to half of its initial value, is within a range typically
observed for Ir(ppy)3 containing OLEDs [160].
To conclude, doping the orange phosphor directly into the fluorescent blue emis-
sion layer indeed eliminates the unusual efficiency roll-off, and yields very high ef-
ficiency due to complete exciton harvesting. However, the strong mutual exciton
transfers at the 4P-NPD:Ir(MDQ)2(acac)-TPBi:Ir(ppy)3 interface yield too much
orange emission, such that the electroluminescence spectrum is not balanced to
reach the white region.
Devices with Improved Spectral Balance
Two possible ways to better balance the spectrum are now presented. The first
is to reduce the Ir(ppy)3 concentration in order to suppress Fo¨rster transfer of
4P-NPD singlets to the TPBi:Ir(ppy)3 layer, which should yield more fluorescent
blue emission. Figure 6.17a) shows the EL spectrum of an OLED, with the the
Ir(ppy)3 concentration reduced from 4wt% to 1wt% (structure: see Figure 6.16a)).
Figure 6.16: Schematic layer design of the triplet-harvesting OLEDs with a blend
layer of fluorescent blue and phosphorescent orange emitters, having
an improved spectral balance. a) With the Ir(ppy)3 concentration
reduced from 4 wt% to 1 wt%. b) With an additional TCTA:TPBi
interlayer.
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Figure 6.17: Electroluminescence spectra of the two OLEDs with improved spec-
tral balance. a) With reduced Ir(ppy)3 concentration. Blue emission
is enhanced, but green is strongly reduced at higher current den-
sity. b) With additional interlayer. The spectral balance is further
improved. However, also strong spectral changes with increasing cur-
rent density are induced.
Compared to the most similar OLED of the previously presented series4, i.e.,
with similar Ir(MDQ)2(acac) (0.17 wt%), but higher Ir(ppy)3 (4 wt%) concen-
tration, the blue emission is indeed enhanced significanty at all current density
values. Moreover, the green emission is also enhanced at low current density,
maybe due to less direct exciton transfer from Ir(ppy)3 to Ir(MDQ)2(acac). How-
ever, it is rather strongly reduced at increasing current density. In total, the EL
4The different electron blocking layer and 4P-NPD:Ir(MDQ)2(acac) thickness as compared to
the devices before are not likely to cause the observed differences. The main recombination
zone still is confined within a very narrow region at the interface between the two emission
layers.
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Figure 6.18: Current-voltage and luminance-voltage characteristics of the two
OLEDs with improved spectral balance. A: only by reduced Ir(ppy)3
concentration. B: with additional interlayer.
spectrum at 1, 075 cd m−2 corresponds to a CIE chromaticity of (0.49, 0.41) and
has a color rendering index of 62. The low driving voltage (3.5V for 1, 000cd m−2,
see Figure 6.18) together with the high quantum efficiency (15.2%) yields a high
power efficiency of 31.6 lmW−1 in forward direction (see Figure 6.19). By apply-
ing the light extraction enhancing microlens foil, the power efficiency in forward
direction is improved to 36.0 lmW−1 (17.3% EQE), whereas the total external
power efficiency measured within an integrating sphere collecting also light from
the substrate edges is 49.2 lmW−1 (24.3% EQE). It is worth mentioning that
the difference in chromaticity coordinates is very low (∆x < 0.005,∆y < 0.005)
for the cases where light is collected only in forward direction or also from the
edges, meaning that the whole spectral region contributes to the additional power
efficiency. Moreover, the forward viewing efficiency is verified by measurements
within the integrating sphere with covered substrate edges, indicating true Lam-
bertian emission characteristics in forward direction.
In total, the spectral balance at the reference luminance of 1, 000 cd m−2 is
improved as compared to the devices with 4% Ir(ppy)3. However, the quality
reflected in the color rendering index is not good enough yet for lighting appli-
cations. Although reducing the Ir(MDQ)2(acac) concentration yields a balance
improvement, this procedure goes along with a reduced quantum efficiency, i.e.,
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Figure 6.19: External quantum efficiency (left) and power efficiency (right) of the
two OLEDs with improved spectral balance compared to an OLED
with separate blue and orange emission layers (see Section 6.1), mea-
sured in forward direction, in forward direction with microlens foil,
and in an integrating sphere also taking the substrate edges into ac-
count.
below 9%, due to triplet exciton loss in the 4P-NPD:Ir(MDQ)2(acac) layer.
Therefore, one needs to suppress the intrinsically occuring exciton transfer from
Ir(ppy)3 to Ir(MDQ2(acac) without reducing the phosphor concentrations. This
second way to balance the spectrum which will now be described applies the
interlayer concept presented in Chapter 5. A thin ambipolar exciton blocking
interlayer between two emission layers can be used to allow exciton generation
on both sides, simultaneously suppressing mutual exciton transfer. Optimal exci-
ton harvesting within the 4P-NPD:Ir(MDQ)2(acac) layer fixes the blue-to-orange
EL intensity ratio equal to the intrinsic electrically generated singlet to triplet
exciton ratio, i.e., 1 : 3. Aiming at an EL spectrum with chromaticity close to
illuminant A, the charge carriers should ideally be balanced by the interlayer such
that about two thirds of the excitons are generated in 4P-NPD:Ir(MDQ)2(acac),
and one third is generated in TPBi:Ir(ppy)3, which in total yields a blue to green
to orange EL intensity ratio of 16.7 : 33.3 : 50. Adopting the results from Sec-
tion 5.2, a 3 nm TCTA:TPBi blend interlayer with a mixing ratio 1 : 3, to as-
sure bipolarity with slightly predominant electron transport, is inserted between
4P-NPD:Ir(MDQ)2(acac) and TPBi:Ir(ppy)3 (structure: see Figure 6.16b)).
The EL spectrum at 1, 000 cd m−2 (see Figure 6.17b)) indeed indicates about
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the desired intensity ratio. The chromaticity coordinates (0.43, 0.43) are close to
color point A, and the CRI is improved to 82, indicating that the device is well
suited for lighting applications. The EQE at 1, 000 cd m−2 is 11.2%, the driv-
ing voltage is increased by 0.05 V to 3.45 V, and 25.4 lmW−1 power efficiency
is achieved in forward direction. Applying the same microlens foil as before, the
power efficiency is enhanced to 32.3 lmW−1 (14.1%), and the total external power
efficiency measured in the integrating sphere is 40.7 lmW−1 (20.3%). There may
be several reasons for the reduced EQE as compared to the device without in-
terlayer: First, the 4P-NPD fluorescence and/or TPBi:Ir(ppy)3 phosphorescence
quantum yields may be less than the 4P-NPD:Ir(MDQ)2(acac) phosphorescence
quantum yield. Since the EL spectrum of the interlayer device contains less or-
ange, the total EQE would then be lower. Second, there may be losses induced
by the interlayer, e.g., by exciplex formation at the interfaces, or by a different
charge carrier balance. Also, the cause of the special shape of the EQE-current
density plot with its local maximum at around 12 mA cm−2 is not yet under-
stood completely. Moreover, a strong change of the EL spectrum with increasing
current density is partly induced by the interlayer. Blue and orange emission
increase simultaneously whereas green emission is continuously reduced. This
points to a shift of the charge carrier balance from the TPBi:Ir(ppy)3 layer to the
4P-NPD:Ir(MDQ)2(acac) layer. However, a different material combination may
solve these problems (see Section 5.4).
The reason for the reduced efficiency roll-off as compared to the devices pre-
sented in the previous section can be seen from the following argument. A rough
calculation assuming equal density and 1 nm molecule size for both 4P-NPD and
Ir(MDQ)2(acac) yields an average distance of 8 nm between the Ir(MDQ)2(acac)
molecules. Thus, the triplets generated on 4P-NPD have to diffuse only 4nm in av-
erage until they can be harvested on Ir(MDQ)2(acac), which is much less than the
15 nm in the device with separate blue and orange emission layers. Consequently,
the effective 4P-NPD triplet recombination rate is higher which yields a lower
equilibrium triplet exciton density, and thus a lower triplet-triplet annihilation
rate.
To summarize, direct doping of the orange phosphor into the fluorescent blue
emission layer yields a reduced efficiency roll-off as compared to separate emission
layers due to a shorter distance the triplets have to diffuse until they are harvested.
The excess orange emission due to the confinement of the exciton generation zone
and strong mutual exciton transfer can be efficiently reduced by adjusting the
phosphor concentrations. However, too low concentrations result in triplet exciton
losses. The more promising way is to insert an interlayer between the blue/orange
and the green emission layer which is able to control the charge carrier balance
and suppresses mutual exciton transfer.
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all separate blue-orange additional
EML blend EML interlayer
chromaticity (0.44, 0.47) (0.49, 0.41) (0.43, 0.43)
CCT 3578 K 2166 K 3418 K
current efficiency 24.4 cd A−1 34.2 cd A−1 27.8 cd A−1
(fwd., flat)
quantum efficiency 10.4% 15.2% 11.2%
(fwd., flat)
quantum efficiency 12.9% 17.3% 14.1%
(fwd., +foil)
quantum efficiency 16.1% 24.3% 20.3%
(total)
power efficiency 22.0 lmW−1 31.6 lmW−1 25.4 lmW−1
(fwd.,flat)
power efficiency 28.0 lmW−1 36.0 lmW−1 32.3 lmW−1
(fwd.,+foil)
power efficiency 37.5 lmW−1 49.2 lmW−1 40.7 lmW−1
(total)
Table 6.1: Summary of characteristics of the 3-color hybrid white OLEDs based
on the triplet harvesting concept at an illumination relevant luminance
of 1, 000 cd m−2, with different features to balance the spectrum.
6.3 Single Emission Layer White OLEDs
In the previous section, it has been shown that phosphorescent emitters can be
directly doped into a fluorescent blue emission layer, resulting in highly efficient
simultaneous emission of blue fluorescence and orange phosphorescence, if the
doping concentration is chosen appropriately. However, the luminescence spectra
of the two emitters used do not cover the green-yellow spectral region with high
enough intensity, so that the white region cannot be reached. The previous section
also showed that the additional adjacent layer for green emission does not auto-
matically yield a balanced white spectrum, and a trade-off between high quantum
efficiency and a balanced white is necessary in some cases.
The perfect case in terms of optimal exciton distribution together with the
possibility to reach a balanced white spectrum is achieved if both singlet and
triplet excitons are generated exclusively on the fluorescent blue emitter, where
the singlets are harvested completely for blue fluorescence, and the triplets are
transferred completely to the phosphorescent emitter(s). This can be most easily
reached by only one single emission layer made of the fluorescent blue emitter
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doped with very small amounts of phosphorescent emitters in the appropriate
ratio. This concept is presented in the following in two ways.
Figure 6.20: Schematic layer design of the single emission layer hybrid OLEDs. a)
With a triple blend of a fluorescent blue and phosphorescent green
and orange emitters. b) With a fluorescent blue and a phosphorescent
yellow emitter blend.
A Triple Blend Emission Layer Device
The first way is to also dope the green phosphor Ir(ppy)3 directly into the flu-
orescent blue emitter. 4P-NPD is not perfectly suitable in this case due to its
too low triplet exciton energy, 2.3 eV, compared to the Ir(ppy)3 triplet at 2.4 eV.
Nevertheless, endothermic triplet exciton transfer is known to occur in some ma-
terials combinations such as FIrpic (T1 at 2.62 eV) in CBP (T1 at 2.56 eV) [177].
Figure 6.21 shows the electroluminescence spectrum and quantum efficiency of a
device with a 4P-NPD:Ir(ppy)3:Ir(MDQ)2(acac) (30nm, 0.5wt%, 0.25wt%) triple
emitter blend layer (structure: see Figure 6.20a)).
The obvious complete lack of green emission may be due to an efficient triplet
exciton transfer mechanism from Ir(ppy)3 to Ir(MDQ)2(acac), as has already
been mentioned in the previous section, or the endothermic triplet transfer from
4P-NPD to Ir(ppy)3 is not efficient. However, the results are still interesting in
some aspects. First, fluorescent blue emission is clearly observed, despite the
presence of 0.75 wt% phosphorescent emitters in the layer. Second, the sample
achieves 11.5% maximum external quantum efficiency at 0.28 mA cm−2, having
an unusual local maximum. The quantum efficiency curve has a similar shape
as also observed for the blue/orange OLED in the previous section, however, the
maximum is situated at a lower current density value. The additional presence of
Ir(ppy)3 makes the situation more complicated to analyze, e.g., the higher lying
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Figure 6.21: Electroluminescence spectra (left) at different current density and
external quantum efficiency (right) of an OLED with triple blend
emission layer. Green emission is absent due to efficient triplet exci-
ton transfer to the orange phosphor or inefficient endothermic triplet
transfer from 4P-NPD to Ir(ppy)3.
Ir(ppy)3 HOMO forms hole traps which may contribute to a changing charge car-
rier balance with increasing current, thus possibly causing the specific quantum
efficiency curve shape. Moreover, technical difficulties in reliably producing the
triple blend layer currently interfere with a more systematic investigation.
Fluorescent Blue and Phosphorescent Yellow
Another way to achieve white light with a single emission layer is to use a dif-
ferent phosphorescent emitter with a more yellowish luminescence spectrum in
combination with 4P-NPD. The chosen phosphor, Ir(dhfpy)2(acac), has a photo-
luminescence maximum at 559 nm5 which corresponds to a triplet exciton energy
of 2.21 eV, i.e., slightly lower than that of 4P-NPD (2.29 eV).
A reference device with TCTA:Ir(dhfpy)2(acac) (2%) emission layer (see Figure
6.22) shows a saturated yellow emission with chromaticity (0.50, 0.50), achieves
1, 000 cd m−2 at 3.8 V, 2.8 mA cm−2, and has a maximum quantum efficiency
of 12.1%. The roll-off behavior is typical for Ir based phosphorescent OLEDs,
550 nm TCTA:Ir(dhfpy)2(acac) (5%)
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EML: TCTA:Ir(dhfpy) (acac)(20 nm, 5 wt%)2
Figure 6.22: Current-luminance-voltage characteristics (left), external quantum
efficiency, and EL spectrum (right) of a reference yellow phospho-
rescent OLED with emission layer. The resulting chromaticity
(0.50, 0.50) together with the reasonable efficiency makes the yellow
emitter suitable for a combination with 4P-NPD to achieve white
emission.
with a critical current density of about 50 mA cm−2. From its overall properties,
Ir(dhfpy)2(acac) seems to be suitable to be combined with 4P-NPD to achieve
white emission.
The properties of an OLED series varying the concentration of Ir(dhfpy)2(acac)
in 4P-NPD from 0.07 to 0.22 to 2.0% are shown in Figure 6.23 (structure: see
Figure 6.20b)). The electroluminescence spectrum is, as expected, sensitive to
the doping concentration. However, the doping concentration has to be signifi-
cantly higher than for Ir(MDQ)2(acac) (see previous section) in order to achieve
a balanced spectrum. At 0.22%, the spectrum is still dominated by fluorescent
blue emission, and even at 2%, blue is observed. This points to either inefficient
triplet exciton transfer from 4P-NPD to Ir(dhfpy)2(acac), or, more likely, an ef-
ficient back transfer which results in quenching of the yellow phosphorescence.
Consequently, the quantum efficiency is significantly lower than can be expected
from the reference device shown above.
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Figure 6.23: Compilation of the characteristics of three OLEDs with emission layer
4P-NPD:Ir(dhfpy)2(acac) at doping concentrations varied from 0.07
to 0.22 to 2.0%. Even at 2%, fluorescent blue emission is observed.
This points already to some triplet exciton losses which are confirmed
by the comparably low quantum efficiency.
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The OLED with 2% Ir(dhfpy)2(acac) achieves 5.5% maximum external quantum
efficiency at 2.7mA cm−2 and needs 4.6V, 6.8mA cm−2 for 1, 000cd m−2, yielding
a power efficiency of 10.5lmW−1. The comparably high driving voltage is likely to
result from traps induced by Ir(dhfpy)2(acac), since the current at constant voltage
is continuously reduced when the Ir(dhfpy)2(acac) concentration increases.
Although a chromaticity of (0.45, 0.43) close to standard illuminant A is achieved,
the color rendering index is very low, i.e., 38, since the green spectral region is
not covered sufficiently. In general, it is not possible to achieve high CRIs with
only two organic emitters having the typical spectral broadness of about 100 nm.
Although a higher CRI might be achievable with these two specific emitters in a
white spectrum with higher correlated color temperature, the low efficiency makes
the device not suitable for real lighting applications. Nevertheless, a different com-
bination of fluorescent blue and phosphorescent yellow emitters might solve this
issue.
To summarize, white light emission can be also achieved with OLEDs compris-
ing a single emission layer with phosphorescent emitters doped into a fluorescent
blue host, thus simultaneously emitting fluorescence and phosphorescence. How-
ever, with the compounds available, the efficiency is not yet high enough for
applications. Although the intrinsic quantum yields of each emitter can be as-
sumed to be reasonable high, the combination suffers from efficiency losses due
to incomplete triplet exciton transfer to the phosphorescent emitter, or even back
transfer to the fluorescent blue host, despite the higher triplet energy.
A fluorescent blue with even higher triplet energy might help to solve this
problem. However, the too low triplet energy must not necessarily be the only
reason for the efficiency losses, since even endothermic exciton transfer has been
reported in literature [177].
7 Concluding Remarks and Outlook
7.1 Concluding Remarks
In this work, two novel concepts to achieve high efficiency in hybrid white OLEDs
combining fluorescent blue and phosphorescent green and orange emitters have
been developed.
The first one comprises a fluorescent blue emitter with large singlet-triplet split-
ting, which yields a triplet exciton energy at 1.98 eV, i.e., lower than that of the
phosphorescent emitters. To avoid mutual exciton quenching by Fo¨rster and Dex-
ter transfer, fluorescent and phosphorescent emitters have to be separated spa-
tially. To exclude other effects like different charge carrier balance likely to occur
in an OLED, the proof of principle was shown by photoluminescence experiments
with a thin fluorescent Spiro-DPVBi and a phosphorescent TCTA:Ir(ppy)3 layer,
separated by a 3 nm layer of the large band-gap material TCTA. In OLEDs, it
could as well be shown that 3 nm are sufficient to increase the external quan-
tum efficiency by a factor of up to 4. To still make exciton generation possible
on both sides, the interlayer has to be ambipolar. This has been achieved by
a blend of hole transporting and electron transporting materials. The influence
of the mixing ratio on the electron and hole mobility has been investigated by
the space-charge limited current method on single carrier devices of the model
blend system α-NPD:BAlq2. The ohmic contacts necessary for this method could
be provided by electrically doped charge transport materials. The hole mobility
decreased continuously upon a decreasing amount of the hole transporting agent
α-NPD, whereas the electron mobility showed a higher mobility in a 1 : 1 blend
than in pure BAlq2. The proposed explanation is based on simultaneous filling
of intrinsic traps and inducing new traps upon the increasing amount of α-NPD.
The 1 : 1 blend, showing the highest degree of ambipolarity, also provided the
best charge carrier balance in a two-color hybrid OLED. The electroluminescence
spectrum, which directly reflects the exciton recombination profile and thus the
charge carrier balance in the device, was largely independent on both, the inter-
layer thickness as well as the current density. In 3-color hybrid white OLEDs, the
interlayer had to be composed of two materials with higher triplet exciton energy.
Here, TCTA and TPBi were chosen. However, it turned out that the thickness
of the green phosphorescent emission layer TCTA:Ir(ppy)3 as well as the Ir(ppy)3
concentration plays an even more critical role for the charge carrier balance.
The second concept comprises a blue fluorescent emitter with small singlet-
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triplet splitting, yielding a triplet exciton energy at 2.29 eV, i.e., higher than that
of the orange phosphorescent emitter. Thus, the intrinsically non-radiative triplet
excitons of the fluorescent blue emitter can be harvested for light emission by the
orange phosphor, which in principle makes complete exciton harvesting possible.
However, the exciton distribution has to be managed appropriately in order to
achieve a balanced white spectrum. For this purpose, several emission layer com-
positions have been developed and investigated. The first one comprises separate
emission layers for all three colors. The exciton generation zone is confined at
the interface between fluorescent blue and phosphorescent green emission layer.
The blue emission layer thickness is then adjusted such that the triplet excitons
can still diffuse towards the adjacent orange emission layer, whereas the singlets
stay within the blue emission layer. High efficiency and white emission has been
achieved. However, an unusually strong efficiency roll-off was observed which was
attributed to a high accumulation of triplets in the fluorescent blue emission layer.
To avoid this, the second step was to directly dope the orange phosphor into the
fluorescent blue emission layer. To still get blue emission, the doping concentra-
tion had to be rather low, i.e., in the range of 0.2%. Indeed, the roll-of could
successfully be reduced down to a behavior also observed in other phosphorescent
OLEDs, however, the spectral balance was rather bad. This issue could be solved
by applying the results from the hybrid white concept developed before, i.e., the
exciton generation zone at the interface between the fluorescent blue and the phos-
phorecent green emission layer was split by introducing an ambipolar interlayer
which suppressed the mutual energy transfer mechanisms, thus resulting in an en-
hancement of blue and green emission. The final step presented is the realization
of a single emission layer hybrid white OLED by combining a fluorescent blue and
a phosphorescent yellow emitter. Although the proof of principle was successful,
the efficiency as well as the color rendering were insufficient, most probably due
to the incompatible material combination.
7.2 Outlook
Concerning the triplet-harvesting concept, basic material studies and quantum-
chemical calculations would certainly help to find fluorescent blue emitters that
have even lower singlet-triplet splitting while still keeping a high fluorescence
quantum yield. The triplet excitons of such a material can then also be harvested
by a phosphorescent green emitter like Ir(ppy)3, which then would result in a
much enhanced spectral balance at high quantum efficiency. The interlayer could
then probably be left out completely. Even more favorable considering the needs
of high throughput production would be a single emission layer hybrid white
OLED with a blue/green/orange emitter triple blend. With the proper choice of
materials, such a device could then also have a high operational stability and a
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high efficiency.
A general aspect for future investigations is the further detection and elimina-
tion of loss mechanisms induced by the special conditions within the hybrid white
devices. In particular in the interlayer hybrid OLEDs, no extended efficiency op-
timization was carried out. Also, efficiency reductions due to loss mechanisms
within the interlayer itself or at the additional interfaces, like exciplex recombi-
nation, have not been traced in detail.
Further work should also include investigating the operational lifetime of hybrid
white devices based on the two concepts developed in this work. Concerning the
interlayer concept, it is of course of particular interest, whether the enforcement
of a certain charge carrier balance by the interlayer influences the device lifetime.
This can be in both directions, i.e., the lifetime can either be limited by the
stability of the interlayer materials against charge carriers or excitons, especially
if energy barriers between interlayer and the adjacent emission layer yield a high
charge accumulation, or the lifetime can as well be improved as compared to a
device without interlayer, because of improved charge carrier balance or reduced
charge accumulation. To really be able to trace the lifetime limiting factor down
to an interlayer induced effect, intrinsically very stable emitter systems have to be
used. Among the emitter systems used in this work, only α-NPD:Ir(MDQ)2(acac)
is known to be very stable. Recently, several blue fluorescent emitter systems have
been reported which show reasonable stability and are also commercially available
[178, 179]. On the other hand, a stable green phosphorescent emitter system is
more difficult to find. Most of the known stable matrix materials for Ir(ppy)3 are
not disclosed, like Merck’s ”TMM004”. However, for basic stability investigations,
one could start with a two-color blue-orange hybrid OLED similar to section
5.4. An interesting detail from which much information about the degradation
mechanism within a blend interlayer system could be derived would certainly be
changes of the electroluminescence spectrum during device operation, as well as
comparison of the device driving voltage increase with and without interlayer.
The central material determining the operational stability of a device based on
the triplet-harvesting concept is certainly the fluorescent blue emitter. Stable flu-
orescent blue emitters reported are matrix-dopant systems. It is an open question
wether such systems can be used at all in this concept. For example, triplet diffu-
sion might be difficult if too much of a fluorescent dopant is present in the layer.
On the other hand, the ”singlet filter” in the device for determination of the triplet
diffusion length presented in section 3.7 also consisted of fluorescent dopants in the
emission layer. Therefore, it is likely to be possible to use certain fluorescent blue
matrix-dopant systems in every triplet-harvesting concept developed in chapter
6, if the dopant concentration is sufficiently low. Especially in devices with sepa-
rate blue and orange emission layers, changes of the electroluminescence spectrum
during device operation could reveal degradation mechanisms of the fluorescent
blue emission layer. For example, direct fluorescence could longer stay efficient
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than triplet diffusion through the layer, or vice versa, which would be reflected in
corresponding spectral changes.
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Kurzfassung
Diese Arbeit behandelt neue Konzepte zur Realisierung hocheffizienter Weißlicht
emittierender organischer Leuchtdioden (OLEDs), wobei blaue fluoreszierende
Emitter mit gru¨nen und roten phosphoreszierenden Emittern kombiniert wer-
den. Bisherige Ansa¨tze zur Erreichung ho¨chster Quantenausbeuten basieren auf
der ausschließlichen Verwendung phosphoreszierender Emitter, da diese prinzip-
iell 100% der elektrisch erzeugten Exzitonen in Licht umwandeln ko¨nnen. Aller-
dings sind speziell OLEDs mit phosphoreszierenden tiefblauen Emittern heutzu-
tage nach wie vor nicht langzeitstabil. Andererseits gibt es zwar sehr stabile
fluoreszierende Emitter auch im tiefblauen Spektralbereich, jedoch kann eine rein
fluoreszierende OLED aus spinstatistischen Gru¨nden maximal nur ein Viertel der
erzeugten Exzitonen in Licht umwandeln.
Fu¨r eine ernsthafte Verwendung von OLEDs als Lichtquellen sind sowohl die
Umwandlungseffizienz elektrischer Leistung in Lichtleistung im sichtbaren Spek-
tralbereich, als auch ihre Langzeitstabilita¨t entscheidend. Ein Kompromiss la¨sst
sich daher mit der Kombination von blauen fluoreszierenden Emittern mit gru¨nen
und roten phosphoreszierenden Emittern erzielen.
Die beiden in dieser Arbeit entwickelten Konzepte unterscheiden sich in der
energetischen Lage des Triplettniveaus des jeweils verwendeten fluoreszierenden
blauen Emitters relativ zu den verwendeten phosphoreszierenden Emittern.
Das erste Konzept verwendet einen fluoreszierenden blauen Emitter mit niedri-
ger Triplettenergie, weshalb er bei direktem Kontakt mit den phosphoreszierenden
Emittern deren Phosphoreszenz lo¨scht. Eine Exzitonen blockierende Zwischen-
schicht unterdru¨ckt diesen Verlustmechanismus. Dies wird sowohl in Photolumi-
neszenzexperimenten als auch in OLEDs nachgewiesen. Weiterhin muss die Zwi-
schenschicht gleichzeitig die Exzitonengeneration auf beiden Seiten gewa¨hrleisten,
sie muss also bipolare Transporteigenschaften haben. Mischschichten aus einem
Elektronen transportierenden und einem Lo¨cher transportierenden Material wer-
den mit der Methode der raumladungsbegrenzten Stro¨me in unipolaren Struk-
turen untersucht, um ihren Einfluss auf die Ladungstra¨ger- und Exzitonenbalance
in OLEDs zu erkla¨ren.
Das zweite Konzept verwendet einen fluoreszierenden blauen Emitter mit ho-
her Triplettenergie. Dadurch ergeben sich einige Vorteile. Phosphoreszenz wird
nicht mehr gelo¨scht, weshalb keine Zwischenschicht mehr notwendig ist. Zusa¨tzlich
ko¨nnen außerdem die auf dem blauen fluoreszierenden Emitter erzeugten Triplett-
exzitonen fu¨r die Lichtemission verwendet werden, indem man sie auf die phos-
phoreszierenden Emitter u¨bertra¨gt. Damit ist es grundsa¨tzlich mo¨glich, 100% der
elektrisch erzeugten Exzitonen fu¨r die Lichtemission zu verwenden, obwohl ein flu-
oreszierender Emitter verwendet wird. Allerdings ist dabei darauf zu achten, dass
die Singulettexzitonen nicht ebenfalls u¨bertragen werden, da sonst kein Weißlicht
mehr erzeugt werden kann. Es werden verschiedene OLED-Strukturen untersucht,
um Singulett- und Triplettexzitonen so auf die jeweiligen Emitter zu verteilen,
dass eine ausgewogene spektrale Balance der Emission erreicht wird. Ein zentraler
Punkt ist dabei die Ausnutzung der unterschiedlich großen Diffusionsla¨ngen von
Singulett- und Triplettexzitonen.
